



This chapter provides a background on the existing problems that are 
encountered in the use of lightweight metal matrix composites. The objectives of 
this research work are stated, and the scope of the work is given in the final 
section of this chapter. 
 
1.1 Background 
Metal matrix composites (MMCs) have been a major research focus in materials 
science in the past two decades. Continuous fibres were used as reinforcements 
in composites in the earlier work. Although there is continuing research in this 
area [1], the high cost of the fibres, complex fabrication processes, limited 
fabricability, secondary processing and anisotropic properties, have restricted 
their use in many applications. Particulate reinforced composites with their more 
isotropic properties, lower cost and easier fabrication process are better 
candidates for many engineering applications. 
In the past decade, Al based MMCs have been the main research focus 
because of their excellent lightweight applications. In more recent years, the 
superior stiffness-to-weight ratio of Mg based composites has made them 
attractive in weight saving applications for the aerospace, electronics, automobile 
and sports equipment industries. The most commonly used particulate 
reinforcement in Mg is micron-size SiC, due to its low cost and easy availability. 
Addition of micron-size SiC particles to Mg will generally lead to enhanced yield 
strength, modulus, hardness, fatigue and wear resistance, better damping 
properties and thermal stability [2-10]. However, the presence of hard and brittle 
SiC ceramic particles in Mg inevitably leads to a decrease in ultimate tensile 
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strength and ductility of Mg. The main reasons for the reduced ultimate tensile 
strength and ductility during tensile tests are: (i) particle cracking and (ii) 
particle-matrix interfacial failure. The decreased tensile strength and ductility of 
the Mg-SiC composites can result in an abrupt failure of the material at a lower 
strength and smaller deformation.  
To fabricate a composite with a good combination of tensile properties, 
the use of nano-size particulates as reinforcements is proposed. With a reduction 
in the reinforcements size, two major problems encountered in micron-size 
particulate reinforced composites are addressed. Firstly, fracture of nanoparticles 
would only occur at an extremely high stress due to the very small flaws in the 
nano-size reinforcements [3]. Secondly, nanocomposites are less likely to fail 
because of the much better interfacial integrity between the nanoparticles and the 
matrix. Defects are more commonly found around large particles than small 
particles [11]. Very few studies have so far been conducted on Mg with nano-
size reinforcements [12-17]. While improvements in the physical and mechanical 
properties have been reported, the fundamental strengthening mechanisms 
behind the use of nano-size reinforcements, and long term reliability tests such as 
fatigue tests of nanocomposites have not been covered. The dislocation structures 
evolution in nanocomposites during tensile and fatigue tests are also largely 
unknown. 
Accordingly, the main focus of the present work was on the development 
of Mg based nanocomposites with an excellent combination of physical and 
mechanical properties. The strengthening mechanisms behind the use of nano-
size reinforcements which provide enhanced properties of the Mg 
nanocomposites are addressed, and the cyclic deformation behaviours of the Mg 
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nanocomposites are also be studied to ensure the long term reliability of the 
fabricated materials. An in-depth study was conducted on the basal and non-basal 
slip modes in the nanocomposites to explain their deformation mechanisms. 
 
1.2 Objectives 
The main aims of this research work are given in three parts: 
 
1) To investigate the microstructural, physical and mechanical responses of 
Mg nanocomposites fabricated using the liquid and powder metallurgy 
techniques. Mg-CNT, Mg-MgO and Mg-Y2O3 nanocomposites were 
fabricated using the liquid metallurgy route. In addition, the Mg-CNT 
nanocomposites fabricated using the powder metallurgy route are also 
presented in this thesis. Effects of volume or weight fraction of 
reinforcements on Mg were investigated, and the strengthening 
mechanisms behind the use of nano-size reinforcements will be 
explained. Transmission electron microscopy (TEM) analysis is used to 
study the basal and non-basal slips modes after extrusion and tensile 
deformation. 
2) To look into the long term reliability performance of Mg-CNT and Mg-
Y2O3 nanocomposites in terms of their fatigue behaviour. These systems 
were chosen based on their superior tensile properties. A study on their 
cyclic deformation mechanisms based on dislocation structures evolution 
will be included. 
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3) To provide supporting findings for ductility improvement in Mg-CNT 
nanocomposites during tensile deformation in terms of dislocation 
movement. 
1.3. Scope 
Based on the objectives of this study, the remaining chapters of this thesis are 
organized as follows: 
 
The microstructural, physical and mechanical responses of Mg-CNT, Mg-MgO 
and Mg-Y2O3 nanocomposites synthesized using the liquid and powder 
metallurgy routes were studied. The strengthening mechanisms behind the use of 
nano-size reinforcements were discussed. Explanations were given for the 
ductility improvement in Mg-CNT nanocomposite, and long term fatigue studies 
on Mg-CNT and Mg-Y2O3 nanocomposites were conducted. 
Mg-CNT 
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in Strength and Ductility by Reinforcing Magnesium With Carbon 
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• C.S. Goh, J. Wei, L.C. Lee, M. Gupta, “Development of Novel 
Carbon Nanotubes Reinforced Magnesium Nanocomposites using 
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• C.S. Goh, J. Wei, L.C. Lee, M. Gupta, “Ductility improvement and 




Advanced Lightweight Metal Based Composites 4
Introduction 
Mg-MgO 
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Abstract
The disintegrated melt deposition method was used to fabricate Mg nanocomposites containing 0.3, 1.3, 1.6 and 2 wt.% carbon nanotubes
(CNTs). The nanocomposites obtained were hot extruded and characterized for their physical and mechanical properties. Lighter nanocomposites
have been produced with the incorporation of CNTs than without them. A simultaneous increase in 0.2% yield strength, ultimate tensile strength
and ductility was found for the Mg–CNT nanocomposites, until a threshold of 1.3 wt.% was reached.
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. Introduction
Metal matrix composites (MMCs) are gaining popularity
ue to their improved physical and mechanical properties over
onolithic metals. Among the MMCs, magnesium (Mg) matrix
omposites are becoming increasingly important due to their
pplications as lightweight structural materials in the aerospace
nd automotive industries. Particulate reinforced Mg compos-
tes are becoming more popular, as compared to fiber rein-
orced Mg composites, due to their increased production rate,
educed reinforcement costs and easier fabrication processes.
icrometer-size SiC particles are commonly chosen as a rein-
orcement in Mg because of their low cost and easy availabil-
ty. Mechanical properties of Mg such as hardness and modu-
us can be significantly improved with SiCp as reinforcement
1–3]. However, micrometer-size SiCp reinforced Mg are usu-
lly faced with the problem of low ultimate tensile strength and
uctility [4,5] due to particle fracture and particle/matrix inter-
acial failure. To overcome these limitations, and to look for
urther improvement in mechanical properties, nanosize rein-
orcements are studied. Nanosize reinforcements are perceived
the current investigation aims to incorporate carbon nanotubes
into Mg to enhance its overall physical and mechanical prop-
erties. The effects of increasing amount of CNTs on pure Mg
are investigated. Attempts were made to correlate the effect of




Elemental magnesium of >99.9% purity was used as the
matrix material and 0.3, 1.3, 1.6 and 2 wt.% carbon nanotubes
were used as the reinforcement phase.
2.2. Processing
Monolithic and reinforced magnesium materials were syn-
thesized using the disintegrated melt deposition (DMD) method
[6]. The synthesis of reinforced magnesium involved heatingo be able to impart excellent properties to the Mg matrix at a
uch reduced amount of reinforcement material. Accordingly,
∗ Corresponding author. Tel.: +65 6793 8575; fax: +65 6792 4967.
a graphite crucible with magnesium turnings and carbon nan-
otubes placed in alternate layers to 750 ◦C under Ar gas atmo-
sphere. The heated slurry was stirred at 450 rpm for 5 min using
a twin blade mild steel impeller to facilitate the uniform incor-
poration of carbon nanotubes in the magnesium matrix. The
iE-mail address: jwei@simtech.a-star.edu.sg (J. Wei).
921-5093/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2005.10.071mpeller was coated with ZIRTEX 25 (86% ZrO2, 8.8% Y2O3,
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3.6% SiO2, 1.2% K2O and Na2O and 0.3% trace inorganics)
to avoid iron contamination to the molten metal. The melt was
then released through a 25.4 mm diameter orifice at the base
of the crucible and disintegrated by two jets of argon gas, ori-
ented normal to the melt stream. The melt was then deposited
onto a metallic mould following the disintegration. A 40 mm
diameter ingot was obtained following the deposition stage.
Monolithic magnesium was synthesized using procedure sim-
ilar to that employed for the reinforced material except that
no carbon nanotubes were added. The ingots obtained using
the DMD process were machined to a diameter of 36 mm
and then hot extruded at 350 ◦C using an extrusion ratio of
20.25:1.
2.3. Density measurement
Archimedes’ principle [1] was used to measure the density of
Mg and Mg nanocomposites. For each of them, three randomly
selected extruded rod samples were measured and the average
density was calculated.
2.4. Mechanical behavior
The mechanical behavior of Mg and Mg–CNT composites
was assessed based on the macrohardness and tensile properties.

























Fig. 1. Fracture surface of Mg–1.3 wt.% CNT composite showing the successful
incorporation of CNTs.
Table 2
Tensile properties of Mg and Mg–CNT nanocomposites
Material 0.2% YS (MPa) UTS (MPa) Ductility (%)
Mg (99.9%) 126 ± 7 192 ± 5 8.0 ± 1.6
Mg–0.3 wt.% CNT 128 ± 6 194 ± 9 12.7 ± 2.0
Mg–1.3 wt.% CNT 140 ± 2 210 ± 4 13.5 ± 2.7
Mg–1.6 wt.% CNT 121 ± 5 200 ± 3 12.2 ± 1.7
Mg–2.0 wt.% CNT 122 ± 7 198 ± 8 7.7 ± 1.0
decreases with the addition of CNTs. The macrohardness values
are relatively stable until 1.3 wt.% of CNTs have been added
to the Mg matrix, above which, the macrohardness values start
to drop.
The tensile properties results of Mg and Mg–CNT nanocom-
posites are presented in Table 2 and representative stress–strain
curves of Mg and Mg–CNT nanocomposites are given in Fig. 2.
From Fig. 2 and Table 2, it can be observed that the yield
and tensile strengths and ductility of the nanocomposite peak
at 1.3 wt.% of CNTs. A 1.3 wt.% of CNTs is also the threshold
Fig. 2. Representative stress–strain curves of pure Mg and Mg–CNT nanocom-
p18-94 standard using a Rockwell 15T superficial scale.
Tensile properties of the extruded Mg and Mg–CNT compos-
tes were determined in accordance to ASTM E8M-01. Round
ensile test specimens of diameter 5 mm and gauge length 25 mm
ere used. Tensile tests were performed using a MTS machine
t a crosshead speed of 0.254 mm/min.
. Results
Macrostructural examination of the as-deposited Mg and
g–CNT ingots shows the absence of blowholes and macro-
ores which are detrimental to integrity of the materials. No
acrostructural defects are observable following extrusion.
ig. 1 shows the fracture surface of Mg–1.3 wt.% CNT
anocomposite. CNTs can be clearly discerned on the fracture
urface, and this indicates the successful incorporation of CNTs
nto the Mg matrix. Table 1 shows the density and macrohard-
ess results of Mg and Mg–CNT nanocomposites. It can be
een from the table that the density of the nanocomposites
able 1
esults of density and macrohardness measurements of Mg and Mg–CNT
anocomposites
aterial CNT (wt.%) Density (g/cm3) Macrohardness
(HR15T)
g (99.9%) 0.0 1.738 ± 0.010 45 ± 1
g–0.3 wt.% CNT 0.3 1.731 ± 0.005 48 ± 1
g–1.3 wt.% CNT 1.3 1.730 ± 0.009 46 ± 1
g–1.6 wt.% CNT 1.6 1.731 ± 0.003 42 ± 1
g–2.0 wt.% CNT 2.0 1.728 ± 0.001 39 ± 1osites.
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Table 3
Comparison of the density of Mg–1.3 wt.% CNT nanocomposite and Mg com-
posites containing SiC particles from other reports
Material Density (g/cm3)
Mg–1.3 wt.% CNT 1.730 ± 0.009
Mg–11.5 wt.% SiC [8] 1.829 ± 0.004
Mg–21.3 wt.% SiC [1] 1.920 ± 0.005
weight fraction whereby any further addition of CNTs will cause
a decrease in the mechanical properties (tensile properties and
macrohardness).
4. Discussion
The fabrication of Mg–CNT nanocomposites was success-
fully accomplished by the DMD method followed by hot extru-
sion. The absence of blowholes and macropores indicates that
good solidification condition has been achieved, and the contin-
uous flow of argon during melting and deposition did not lead
to the entrapment of gases.
Density measurement results indicate that lighter nanocom-
posites have been obtained with the addition of CNTs. Previous
studies show that with the addition of ceramic particles such as
SiCp [2] and Al2O3 [7] as reinforcements, the density of Mg
composites will increase. This is not desirable because of the
lightweight applications of Mg composites. A comparison is
made between the density of Mg–1.3 wt.% CNT, which shows
the best mechanical properties of the Mg–CNT nanocompos-
ites fabricated, and the densities of Mg composites containing
SiC particles. The comparison data are presented in Table 3.
It can be seen from Table 3 that the densities of Mg–SiC
composites are as much as 11% higher than the Mg–1.3 wt.%






















until 1.3 wt.% of CNT, above which, the yield strength starts to
degenerate due to higher amount of porosity in the Mg matrix.
The increase in tensile strength up to an addition of 1.3 wt.%
CNT is due to the restriction of dislocation movement by the
CNTs. Rod shape reinforcements such as CNTs are deduced
to impede dislocation motion and strengthen the matrix more
effectively than spherical reinforcements due to resultant shorter
inter-reinforcement spacing.
An increase in ductility has been observed in Mg reinforced
with up to 1.6 wt.% of CNTs. The maximum improvement
of ductility was observed to be 69% in Mg–1.3 wt.% CNT
nanocomposite. Mg, with a hexagonal close packed (HCP) struc-
ture, only possesses three independent easy slip systems which
results in limited ductility. As previously observed in AZ31B
alloy [10], non-basal slip can be activated at room temperature.
Activation of extensive non-basal (prismatic) cross slip ensures a
minimum of five independent slip systems (three from basal and
two from prismatic slip systems, respectively) in Mg which can
result in a much higher ductility. It has been previously shown
that the presence of reinforcements can produce a slip mode tran-
sition depending on the reinforcement/matrix interaction [11].
Cross slip in non-basal slip planes may be activated by the pres-
ence of CNTs which is responsible for the increased ductility
observed in the present study. Further verifications using the









Rble by the Mg–SiC composites are considerably lower than the
atter.
The incorporation of CNTs into the Mg matrix has mini-
al effect on the macrohardness of the nanocomposites until
he threshold of 1.3 wt.% CNT. Above the threshold, the macro-
ardness starts to decrease due to an increase in the porosity in
he Mg matrix which affects the integrity of the material. The
ncrease in porosity is due to increasing addition of CNT, small
lusters of CNTs are a source of porosity in Mg.
The maximum yield and tensile strengths and ductility are
bserved in the Mg–1.3 wt.% CNT nanocomposite. Above the
hreshold of 1.3 wt.% CNT, the tensile properties start to deteri-
rate. The increase in yield strength is due to the generation of
eometrically necessary dislocations in the Mg matrix around
he CNTs as a result of coefficient of thermal expansion (CTE)
nd elastic modulus mismatch between Mg and CNTs. The
mount of dislocations generated due to CTE mismatch is found
o be proportional to the volume fraction of CNTs and inversely
roportional to the diameter of the CNTs [9]. With higher vol-
me fraction of CNTs and smaller diameter of the CNT, a higher
islocation density can be generated, and hence higher yield
trengths can be obtained. This phenomenon of increasing yield
trength with higher volume fraction of CNTs is applicable only. Conclusions
The present study leads to the following conclusions:
(i) Mg–CNT nanocomposites have been successfully synthe-
sized using the disintegrated melt deposition technique
followed by hot extrusion.
(ii) Results of density measurements show that lighter
nanocomposites can be produced with the incorporation
of CNTs.
iii) Tensile properties results show that there are simultaneous
improvements in yield and tensile strengths and ductility
up to a threshold of 1.3 wt.% CNT.
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Abstract
Carbon nanotube (CNT) reinforced magnesium was synthesized using the
powder metallurgy technique followed by hot extrusion. Up to 0.3 wt% of
CNTs were added as reinforcements. The effects of the carbon nanotubes on
the physical and mechanical properties of Mg were investigated. The
thermo-mechanical property results show an increase in thermal stability
with increasing amount of CNTs in the Mg nanocomposites. Mechanical
property characterizations reveal an improvement of yield strength, ductility
and work of fracture with higher weight percentages of CNTs incorporated.
An attempt is made to correlate the physical and mechanical properties with
the increasing weight fractions of carbon nanotubes in the pure Mg matrix.
1. Introduction
Metal matrix composites (MMCs) have been widely
recognized to have relatively superior mechanical properties,
such as better wear resistance, higher elastic modulus and
yield strength, as compared to the unreinforced monolithic
metal. As compared to fibre reinforced MMCs, particulate
reinforced MMCs are gaining popularity due to their ease of
fabrication, high throughput and lower manufacturing cost [1].
Among the various types of MMCs, lightweight MMCs such as
magnesium (Mg) based composites are arousing more interest
due to their potential applications in aerospace, automotive
and sports equipment industries. With a judicious selection of
particulate reinforcements, magnesium based composites are
known to have high specific mechanical properties [2], low
density, improved thermal and dimensional stability and better
damping properties.
Ceramic powder such as micron-size SiC is commonly
used as the reinforcement in Mg because of its low cost and easy
availability. However, with the use of micron-size SiC [3–5]
and even metallic reinforcements such as Ti [6], the tensile
strength or ductility of the composites is usually sacrificed
relative to the monolithic Mg. The resultant lower strength
or ductility as a consequence of adding either micron-size
ceramic or metallic reinforcements is due to the problems
of particle fracture and particle/matrix interfacial failure. To
find a solution to these problems and to look for further
improvement in properties, nanosize reinforcements have been
investigated. From previous studies, it was found that metal
based composites reinforced with nanosize particulates [7, 8]
can yield better properties than those reinforced with micron-
size reinforcements.
Carbon nanotubes (CNTs), depending on their structure,
such as length, diameter and chirality, are known to have
elastic modulus and tensile strength much higher than those
of high strength steels [9–12]. The research using CNTs as
reinforcements has mainly been focused on polymer matrix
composites. Only a few studies have been conducted on
metal matrix composites containing CNTs. Laha et al [13]
synthesized and characterized aluminium reinforced with
plasma spray-formed CNTs, while Dong et al [14, 15] reported
the synthesis of CNT reinforced Cu composite using hot
pressing and sintering. Ni [16], Co [17] and Ti [18] based
composites reinforced with CNTs have also been studied.
Research on Mg reinforced with CNTs has been limited to
only two reports [19, 20]. Preliminary studies were conducted
by a Swiss research group [19] on Mg reinforced with CNTs:
the improvement in modulus was approximately 9%, while
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Figure 1. Transmission electron microscope micrograph of
multi-walled carbon nanotubes with an average diameter of 20 nm.
other tensile properties were similar to that of unreinforced Mg.
Yang and Schaller [20], in the second study, essentially focused
on the effect of Al2O3 short fibres and CNTs on the damping
properties of Mg. With such limited studies conducted, the
well-known superior mechanical and thermal properties of
CNTs, which are likely to be transferred to Mg, have not been
fully exploited.
Accordingly, the aim of this investigation was to fabricate
Mg based nanocomposites containing carbon nanotubes using
the powder metallurgy technique. The nanocomposites
obtained were then hot extruded and characterized for their
physical, thermal and mechanical properties. Attempts were
made to correlate the effect of increasing weight fractions of
carbon nanotubes with the physical, thermal and mechanical
properties obtained in the nanocomposites.
2. Experimental procedures
2.1. Materials
Magnesium powder of more than 98.5% purity (supplied by
Merck, Germany) was used as the matrix material, and multi-
walled carbon nanotubes produced by the chemical vapour
deposition (CVD) method (supplied by Tsinghua University,
China) with an average diameter of 20 nm (figure 1) were used
as the reinforcement.
2.2. Processing
The powder metallurgy technique was used to synthesize both
monolithic magnesium and magnesium nanocomposites (Mg–
CNT) containing 0.06, 0.18 and 0.3 wt% of carbon nanotubes
respectively. The maximum weight percentage of CNTs that
can be incorporated in Mg is 0.3, due to the large surface area
of the CNTs. Above this amount, effective compaction of
the Mg–CNT billets is not possible. The Mg powder was
homogeneously mixed with the respective weight percentages
of carbon nanotubes using a V-blender for 10 h set at a
rotational speed of 50 rpm. Various homogenized powder
mixtures of Mg and carbon nanotubes were then compacted at
a pressure of 728 MPa to form billets of 35 mm diameter and
40 mm height. The compacted billets were then sintered in a
tube furnace at 630 ◦C with argon gas as protective atmosphere
for 2 h. Monolithic Mg billets were fabricated directly by
compaction and sintering, thereby omitting the mixing process.
The sintered monolithic Mg and Mg nanocomposites were hot
extruded at 350 ◦C using an extrusion ratio of 20.25:1.
2.3. Density and porosity measurement
The Archimedes principle [4] was used to measure the density
of Mg and Mg nanocomposites. For each of them, three
randomly selected extruded rod samples were tested and the
average density was calculated. Porosity levels in the samples
were obtained by area fraction analysis using the Scion image
analysis software.
2.4. Coefficient of thermal expansion
The coefficients of thermal expansion (CTEs) of the
extruded Mg and nanocomposite samples were determined
by measuring the displacement of the samples as a function
of temperature in the temperature range 50–400 ◦C using an
automated SETARAM 92-16/18 thermo-mechanical analyser.
2.5. Macrohardness
Superficial Rockwell hardness measurements (HR 15T) were
made on the extruded specimens of Mg and Mg–CNT
nanocomposites. A 1/16 inch diameter steel ball indenter with
a 15 kgf test load was used in accordance with ASTM E18-94
standard.
2.6. Tensile testing
The tensile properties of the extruded Mg and nanocomposite
samples were determined in accordance with ASTM test
method E8M-01 using an MTS machine with a crosshead
speed set at 0.254 mm min−1. The fractured surfaces of the
nanocomposites were observed and analysed using a Hitachi
S4100 FESEM.
3. Results
3.1. Density and porosity
Table 1 shows the density and the porosity measurement
results conducted on extruded Mg and its nanocomposite
samples. The porosity level of the nanocomposites increases
with increasing weight percentages of CNTs. Up to 1.15 vol%
of porosity was observed when 0.3 wt% of CNTs was
incorporated. The porosity in all the nanocomposites is higher
than that in pure Mg. A slight decrease in the density of the
nanocomposites is observed with increasing incorporation of
CNTs; this could be due to the addition of lighter weight CNTs
or the increase in porosity in the Mg matrix.
3.2. Coefficient of thermal expansion
The CTE results of monolithic Mg and Mg–CNT nanocompos-
ites are also shown in table 1. With addition of up to 0.3 wt%
of CNTs, the CTE of the Mg–CNT nanocomposite decreases
by approximately 9%.
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Table 1. Results of density, porosity and CTE measurements for
Mg and Mg–CNT nanocomposites.
CNT Density Porosity CTE
Materials (wt%) (g cm−3) (vol%) (10−6 ◦C−1)
Mg (98.5% Purity) 0.0 1.738 ± 0.001 0.12 28.57
Mg–0.06 CNT 0.06 1.738 ± 0.000 0.25 27.17
Mg–0.18 CNT 0.18 1.737 ± 0.001 0.83 26.19
Mg–0.30 CNT 0.30 1.736 ± 0.001 1.15 25.90
3.3. Macrohardness
The macrohardness results for Mg and Mg–CNT nanocompos-
ites are shown in table 2. The results revealed no significant
variation in the macrohardness of pure Mg and those of the
Mg–CNT nanocomposites.
3.4. Tensile behaviour
The tensile test results in table 2 reveal an improvement up
to 15% in 0.2% yield strength (YS) when 0.3 wt% of CNTs
were incorporated in Mg. The ultimate tensile strength (UTS)
results remain relatively unchanged, while the ductility reaches
a peak of 12% when 0.06 wt% of CNTs has been added. With
increasing amount of CNTs, the ductility gradually drops to
a level similar to that of pure Mg. Work of fracture results
show that the maximum amount of energy required for fracture
occurs when 0.06 wt% of CNTs have been incorporated. This
expenditure of fracture energy for the nanocomposite with
0.06 wt% CNTs is actually 19% higher than that required for
pure Mg.
4. Discussion
4.1. Synthesis of Mg/Mg–CNT nanocomposites
Synthesis of monolithic Mg and Mg–CNTs nanocomposites
has been successfully accomplished using the powder
metallurgy technique. Mg is not expected to have any chemical
reaction with the CNTs according to the Mg/C phase diagram.
Although the bonding between Mg and the CNTs is likely to be
purely mechanical, the FESEM image in figure 2 shows good
adherence between Mg and CNTs.
Density measurement results show that the densities of
the nanocomposites are maintained at a similar level to that of
pure Mg due to the lightweight properties of the CNTs. This is
very attractive because, with the addition of ceramic particles
as reinforcement, the density of the conventional composites
can increase by as much as 11% [4], and this can seriously
affect the intent of Mg being used as a lightweight structural
material. The porosity measurement results reveal a limited
level of porosity in the nanocomposite specimens, although the
amount detected is higher than that in pure Mg. A maximum
porosity level of 1.15 vol% was observed in samples with
0.3 wt% CNTs. This level of porosity is within the limits
of near net shape formed products [21].
4.2. Thermal behaviour
A higher thermal stability can be achieved with the addition
of up to 0.3 wt% of CNTs as reinforcements. It has been
shown by Ruoff [22] that the radial coefficient of thermal
expansion of multi-walled CNTs is essentially the same as
the on-axis coefficient of thermal expansion. This desirable
thermal property of CNTs could result not only in more
thermally stable Mg–CNT composites, but also in composites
that have isotropic thermal expansion.
4.3. Mechanical behaviour
Macrohardness results show that the presence of different
amounts of CNTs has very limited effect on the hardness of
pure Mg. This also indicates that CNTs have little contribution
to the prevention of localized plastic deformation of the Mg
matrix.
The 0.2% yield strength of the Mg–CNTs nanocomposites
has improved by 15% with the addition of up to 0.3 wt% CNTs.
According to Dai et al [23], the yield strength of a reinforced
matrix is given by the following equation:
σmy = σm0 + σ (1)
where σmy and σm0 are the yield strength of the reinforced and
the unreinforced matrix respectively. σ , which represents
the total increment in yield stress of the reinforced matrix, can
be estimated by [24]
σ =
√
(σEM)2 + (σCTE)2 (2)
where σEM and σCTE are the stress increment due to
elastic modulus and coefficient of thermal expansion mismatch
between the matrix and the CNTs. These, as determined by the













where µm is the shear modulus of the matrix, b is the Burgers
vector, and α and β are the strengthening coefficients.
The geometrically necessary dislocations are stored
near the surfaces of the CNTs for accommodation of the
deformation caused by elastic modulus and CTE mismatch
between the matrix and the carbon nanotubes. The
geometrically necessary dislocation density due to elastic





where γ m is the shear strain in the matrix, and λ is the
local length scale of the deformation field, which can be
interpreted as the distance whereby dislocations generated
at the reinforcements are restrained from movement. λ is
affected by fine matrix grain size as well as reinforcement
spacing [26]. Rod shape reinforcements such as CNTs
are deduced to strengthen the matrix more effectively than
spherical reinforcements due to the resultant shorter inter-
reinforcement spacing. According to a study by Kelly [27],
rod-shaped particles resulted in approximately twice as much
strengthening as spherical particles of the same volume
fraction.
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Table 2. Results of the mechanical properties of Mg and Mg–CNT nanocomposites.
Macrohardness 0.2% YS UTS Ductility Work of fracture
Materials (HR15T) (MPa) (MPa) (%) (MJ m−3)
Mg (98.5% Purity) 45 ± 0 127 ± 5 205 ± 4 9 ± 2 18.9 ± 4.2
Mg–0.06 CNT 44 ± 0 133 ± 2 203 ± 1 12 ± 1 22.4 ± 1.5
Mg–0.18 CNT 44 ± 1 138 ± 4 206 ± 7 11 ± 1 20.8 ± 2.1
Mg–0.30 CNT 44 ± 0 146 ± 5 210 ± 6 8 ± 1 15.8 ± 1.8
Arsenault et al [28] observed that during thermal cycling,
in this case the sintering and cooling processes, the distribution
of dislocations within the matrix of the composites was
not uniform, in that there was a higher density near
the reinforcing particles. These geometrically necessary
dislocations generated in the matrix around the reinforcements,
due to difference in coefficients of thermal expansion between
the matrix and CNTs, can be estimated by the following




b(1 − fCNT)dCNT (6)
where fCNT is the volume fraction of the CNTs, ε is the misfit
strain due to the different CTEs of Mg and CNTs, and dCNT
is the diameter of the CNT. From equation (6), it can be seen
that with increasing volume fraction of CNTs and decreasing
diameter of the CNT, a higher dislocation density due to CTE
mismatch can be generated, and hence higher yield strength
can be obtained. This equation fits the results obtained in this
experiment, where an increasing amount of CNTs incorporated
has resulted in increasing yield strength.
UTS results of the Mg nanocomposites remain relatively
unchanged with increasing weight percentage of CNTs. The
fluctuations in the strength are still within the standard
deviation. No obvious strain-hardening behaviour was
observed in the Mg nanocomposites as compared to monolithic
Mg. When micron-size ceramic or metallic particles are added
to Mg as reinforcements, the UTS of the resultant composites
will usually drop due to particle fracture or particle/matrix
interfacial failure. CNTs in Mg remain intact during tensile
deformation due to their high tensile strength (which could be
as high as 30 GPa [29]); the excellent mechanical property of
CNTs effectively eliminates the possibility of reinforcement
fracture during tensile deformation which could contribute to
a decrease in the UTS of the nanocomposites.
An increase in ductility has been observed in Mg
reinforced with up to 0.18 wt% of CNTs. Increased ductility
in Mg composites was previously found in Mg reinforced with
micron-size Ti particles [6] and Al2O3 nanoparticles [7, 8]
respectively. One of the explanations given was the change
in fracture mode from a brittle to a ductile one. However,
this phenomenon was not observed in the present study.
Mg, having a hexagonal close packed (HCP) structure, only
possesses three independent easy slip systems, involving the
slip of dislocations with 〈a〉 type Burgers vector within the
(0001) basal plane. As observed by Agnew and Duygulu [30]
in AZ31B alloy, non-basal slip could be activated at room
temperature. Images of some grains show a high density of
curved (i.e., non-basal) dislocations; such images provide good
evidence for significant slip of 〈a〉 type dislocations on non-
basal planes at room temperature. Activation of extensive
non-basal (prismatic) cross slip ensures a minimum of five
independent slip systems (three from basal and two from
prismatic slip systems, respectively) in Mg which can result
in a much higher ductility. Alloying with Al and Zn in Mg
may promote non-basal slip that was not observed in pure
Mg [30]. Previous studies have shown that the presence of
reinforcements can produce a slip mode transition depending
on the reinforcement/particle interaction [31]. Reinforcing
with CNTs may lead to an activation of cross slip in non-basal
slip planes responsible for the increased ductility observed
in the present study. Further studies involving the use of a
transmission electron microscope are required to verify this
deduction.
The ductility was observed to start decreasing when a
higher percentage of CNTs (∼0.3 wt%) was added in the
pure Mg matrix. Bonding can only occur between Mg and
Mg particles and Mg particles and CNTs. When a relatively
larger amount of CNTs is added to the Mg matrix, there will
be some areas in the Mg matrix where CNTs, with their large
surface area, come into contact with each other rather than
with Mg particles, forming small clusters. These clusters
will prevent effective bonding between the Mg particles and
CNTs and lead to minute cracks in the matrix even before
tensile testing. These cracks inevitably act as nucleation sites
for plastic instability, and lead to failure of the material with
lower ductility. Clustering of CNTs can also cause an increase
in porosity in the Mg matrix, as shown in figure 3. The
effect of increasing porosity with CNTs has been discussed
in section 4.1, which shows that the porosity level is highest in
the Mg–0.3 wt% CNT nanocomposite with the most amount
of CNTs incorporated. However, the amount of cracks and
porosity in the matrix are still kept within the limit of 1.15 vol%,
which accounts for only a slight decrease in ductility observed.
The work of fracture (WOF) results show that monolithic
pure Mg has a lower fracture resistance as compared to the
nanocomposites with up to 0.18 wt% CNTs added. This
is due to the improved yield strength and ductility of the
nanocomposites. Mg reinforced with 0.06 wt% CNTs has
a better combination of strength and ductility compared to
the other two nanocomposites, as it requires the maximum
amount of energy to fracture. The WOF decreases with
increasing addition of CNTs; a possible reason could be due
to the increase in clustering effect with higher amount of
CNTs which will inevitably lead to porosity. Homogeneous
dispersion of CNTs in Mg, especially at high weight percentage
of CNT, is an issue when CNTs with high aspect ratios are
used as reinforcement. The CNTs are quite long, up to tens of
microns, and entanglement between the CNTs will inevitably
lead to clustering. The use of nitric acid to chemically activate
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Adherence of 
Mg onto CNT 
Figure 2. FESEM image showing good adherence between Mg and
CNT.
Porosity 
Cluster of CNTs 
Figure 3. Clustering of CNTs leading to an increase in porosity in
the Mg matrix.
the nanotubes has been attempted; however, the amount of
clustering increases and the results obtained were inferior.
Fracture surface analysis of Mg–0.3 wt% CNT shows the
presence of individual strands of CNTs on the surface of Mg
(figure 4(a)). The CNTs are found to be quite well dispersed,
with clusters (figure 4(b)) occasionally observed.
Table 3 shows a comparison of the mechanical properties
of the current research with previous studies. Attention is
drawn to a similar study on pure Mg reinforced with 2 wt%
of CNTs. The amount of CNTs used in the present study
was approximately six times lower; however, it was found
that the yield and tensile strength and ductility of the Mg–
2 wt% CNT nanocomposite were much lower than the results
achieved in the present study. This comparison shows that a
better combination of processing method and materials have
been used in this study. A comparison was also made with
conventional pure Mg and AZ91 composites reinforced with
different volume percentages of SiC. The nanocomposites
studied in this work were found to perform better with a much
lower amount of reinforcement used. The main contributing
factors to the better yield strength in the nanocomposites, as
discussed previously using equations (5) and (6), are the use
of rod-shaped reinforcements that have the effect of reducing
interparticle spacing, and the small dimensions and larger
surface area of the CNTs that have the capability of generating
more dislocations. Ductility enhancement, which was not
observed in Mg–SiC composites, was deduced to be due to the








Figure 4. Fracture surface of Mg–0.3 wt% CNT showing (a)
well-dispersed CNTs and (b) clustering of CNTs.
Table 3. Comparison of mechanical properties of the Mg–CNT
nanocomposites with other studies.
0.2% YS UTS Ductility
Materials (MPa) (MPa) (%)
Mg (98.5% purity) 127 ± 5 205 ± 4 9 ± 2
Mg–0.06 CNT 133 ± 2 203 ± 1 12 ± 1
Mg–0.18 CNT 138 ± 4 206 ± 7 11 ± 1
Mg–0.30 CNT 146 ± 5 210 ± 6 8 ± 1
Mg–2 wt% CNT [19] 89 140 3
Mg–11.5 wt% SiC [32] 119 ± 3 197 ± 3 3.5 ± 0
Mg–21.3 wt% SiC [4] 128 ± 2 176 ± 2 1.4 ± 0
Mg–10 vol% SiC [1] 120 160 2
AZ91–10 vol% SiC [33] 135 152 0.8
5. Conclusions
(1) The powder metallurgy route coupled with hot extrusion
can be used to synthesize magnesium nanocomposites
reinforced with carbon nanotubes with better properties
than conventional Mg–SiC composites.
(2) Coefficient of thermal expansion results indicate that
Mg–CNT nanocomposites are thermally more stable than
monolithic pure Mg.
(3) The results of mechanical behaviour characterization
revealed that an increasing volume fraction of CNTs in
the magnesium matrix lead to an improvement in 0.2%
YS, ductility and work of fracture. An increase in the
ductility was observed up to 0.18 wt% of CNTs in Mg.
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The ductility improvement and fatigue behaviour of magnesium reinforced with 1.3 wt% of carbon nanotubes (CNTs) were investi-
gated in this study. Dislocation studies were conducted to determine the deformation behaviour of the nanocomposite. A comparison
was made between Mg-1.3CNT nanocomposite and monolithic Mg to identify the eﬀect of CNTs on Mg. Ductility improvement was
found to be the result of the high activity of the basal slip system and the initiation of prismatic hai slip. Constant stress amplitude cyclic
tests revealed that the cycles to failure for the Mg-1.3CNT nanocomposite is lower than that of the monolithic Mg. Both monolithic Mg
and Mg-1.3CNT nanocomposite were found to harden upon cycling. The formation of sessile forest dislocations was identiﬁed as one of
the main hardening causes.
 2007 Elsevier Ltd. All rights reserved.
Keywords: A. Metal matrix composites; B. Fatigue; D. Transmission electron microscopy (TEM); Carbon nanotubes1. Introduction
Magnesium (Mg) and its alloy have attracted much
research interest due to their high speciﬁc mechanical prop-
erties, making them excellent candidate for aerospace and
automotive applications. However, the strong directionality
of properties due to the hexagonal close packed structures
imposed a constraint on the deformation characteristic of
Mg, resulting in poor formability. Research has shown that
equal channel angular extrusion can improve ductility, and
hence formability of Mg by grain reﬁnement and texture
control [1–5]. This method of ductility improvement poses
a limitation on the size and shape of the ﬁnal product,
and much time and eﬀort are required in the fabrication
process due to the stipulated number of extrusion passes.
To explore an easier and more practical fabrication route
for possible large-scale manufacturing, the use of a suitable
reinforcement to improve ductility in Mg is considered.
Carbon nanotubes (CNTs) oﬀer an attractive solution to
the formability issue in Mg. CNTs are well-known for their0266-3538/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compscitech.2007.10.057
* Corresponding author. Tel.: +65 92344970.
E-mail address: chweesim@nus.edu.sg (C.S. Goh).remarkable mechanical, thermal and electrical properties,
which combined with their low density and high aspect
ratio, make them excellent candidate for the development
of a superior class of composites with high strength and
ductility [6–9]. This nanosize reinforcement has been
reported to impart its exceptional properties to the Mg
matrix. Investigations by a Swiss research group found that
the presence of two weight percent of CNTs improves the
modulus of Mg by about 9% [10]. Mg-CNT nanocompos-
ites fabricated by both liquid and powder metallurgy routes
are found to have a good combination of strength and duc-
tility [11,12]. Due to the low density of the CNTs, the nano-
composites are maintained at densities similar to that of
pure Mg. While these studies show that ductility improve-
ment is observed when CNTs are added into Mg, no con-
crete explanations were provided on the mechanisms
behind this improvement. The limited studies on Mg-
CNT nanocomposites were focused on the physical and
mechanical behaviours. Little is known of the cyclic defor-
mation response and the dislocation structures evolution
during fatigue.
In the present study, Mg reinforced with 1.3 wt% of car-
bon nanotubes was investigated for its ductility improve-
Table 1
Grain size of monolithic Mg and Mg-1.3CNT nanocomposite
Material Grain size (lm)
Monolithic Mg 15.9 ± 3.8
Mg-1.3CNT 15.7 ± 3.3
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Explanations on the ductility improvement are based on
the activation of the basal and non-basal slip systems. Cyc-
lic deformation studies were conducted on monolithic Mg
and Mg-1.3CNT specimens at two stress amplitudes with
a stress ratio of 1. Discussion was based on the cyclic
plastic strain response and the dislocation structures
evolved. Dislocation structures were observed using the
transmission electron microscopy.
2. Experimental procedures
2.1. Materials, processing and tensile test
Mg (99.9% purity) reinforced with 0.3,1.3,1.6 and
2 wt% of carbon nanotubes (average diameter: 20 nm and
length: less than 100 lm) were fabricated using the disinte-
grated melt deposition technique (DMD) [11], and desig-
nated as Mg-0.3CNT, Mg-1.3CNT, Mg-1.6CNT and Mg-
2CNT, respectively. Multi-walled carbon nanotubes (sup-
plied by Tsinghua University) produced by the chemical
vapour deposition (CVD) method were used. The detailed
speciﬁcations of the carbon nanotubes are given in [13,14].
Four diﬀerent weight fractions were used to show the trend
in the tensile properties. The ingots obtained were then hot
extruded at 350 C using an extrusion ratio of 20.25:1. 6–8
specimens of each type of material were used in the tensile
test to determine the change in ductility with increasing
weight fractions of CNTs, the details of the tensile test were
given in [11].
2.2. Texture analysis
The alignment of the crystallographic planes in the
monolithic Mg and Mg-1.3CNT nanocomposite was deter-
mined using X-ray diﬀraction pole ﬁgures. The equipment
















Fig. 1. Representative stress–strain curves of moanode. The reﬂection method was employed with an angle
range of 0–90 with respect to the extrusion direction of the
specimens (ND).
2.3. Cyclic tests
Fully reversed tension–compression stress amplitude
controlled fatigue tests were conducted in accordance to
ASTM test method E466-96 at room temperature. Cylin-
drical fatigue test specimens with 6 mm diameter and
30 mm gauge length were used. To minimize surface irreg-
ularities, the fatigue specimens were prepared by grinding
the gauge section with progressively ﬁner grades of emery
paper, and then polished using diamond slurry to obtain
a smooth specimen surface that is free of circumferential
scratches. The direction of material removal is approxi-
mately parallel to the long axis of the specimen. The cyclic
tests were conducted on an INSTRON 8516 servohydraulic
machine with a test frequency of 1 Hz and a stress ratio of
1. The monolithic Mg and Mg-1.3CNT nanocomposite
specimens were tested at two constant stress amplitudes
of +/35 and +/70 MPa. The number of cycles for com-
plete failure or separation is taken as the fatigue life (Nf).
2.4. Dislocation structures evolution
Transmission electron microscopy (TEM) analysis using
Jeol 2010 F was employed to study the dislocation struc-
tures in the monolithic Mg and Mg-CNT nanocomposite





nolithic Mg and Mg-CNT nanocomposites.
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each type of material. Basal, prismatic and pyramidal dis-
locations are commonly observed in hexagonal close
packed Mg. To distinguish the basal dislocations from
the non-basal ones, TEM samples were tilted in such a
way that the incident beam was aligned parallel to either
the ½2110 or the ½0110 direction. In this condition, the
basal planes were parallel to the incident beam, and 1/3
of the prismatic planes can also be seen edge-on. Two types
of prismatic slip have been observed in Mg, namely pris-
matic hai slip and prismatic [c] slip. In prismatic hai slip,
the Burgers vector is given by b ¼ 1
3
h1120i and disloca-
tions with this slip vector can glide on the ﬁrst-order prism
and pyramidal planes in addition to the basal planes. In
prismatic [c] slip, the Burgers vector is given byFig. 2. Dislocation structures in monolithic Mg before tensile deforma-
tion observed on (a) ð2110Þ foil plane, (b) ð2110Þ foil plane when
g = 0002. The basal plane trace common to (a) and (b) is represented by
the white line.b=[0001]  [c] dislocations can be formed by the decompo-
sition of hc + ai dislocations [15]. A dislocation with a Bur-
gers vector as large as hc + ai has several possibilities of
dissociation and these dissociation reactions can be found
in [16]. Dislocations aligned along the basal plane trace will
be in the basal slip system, while those that are out-of-plane
will be the non-basal dislocations. The direction of the
basal planes is represented by the basal plane trace in the
micrographs. Based on the g  b invisibility criterion, dislo-
cations having the c Burgers vector are out of contrast
when g ¼ 0110, and dislocations having the a Burgers vec-
tor are invisible when g = 0002.
3. Results and discussion
3.1. Ductility improvement in Mg-CNT nanocomposite
Fig. 1 shows the representative stress–strain curves of
monolithic Mg and Mg-CNT nanocomposites [11]. The
ductility increases with higher concentrations of CNTs
until a peak is reached at 1.3 wt%. There is no observable
change in the microstructures of Mg-1.3CNT nanocom-
posite as compared to monolithic Mg when viewed under
the ﬁeld emission scanning electron microscope (FESEM).
Moreover, the changes in the grain sizes of the two materi-
als are also statistically insigniﬁcant as can be seen from
Table 1. Therefore, the eﬀect of modiﬁcations in the micro-
structure due to the presence of CNTs is eﬀectively ruled
out. More dislocations are generated in the Mg-1.3CNT
nanocomposite as compared to monolithic Mg. This can
be explained by the thermal expansion and elastic modulus
mismatch between the CNT and Mg matrix. The details of
these two dislocation generation models, which include the
Taylor strengthening mechanism and the Arsenault dislo-
cation model, have been published in [12]. Although moreFig. 3. Twinning in monolithic Mg during extrusion.
C.S. Goh et al. / Composites Science and Technology 68 (2008) 1432–1439 1435geometrically necessary dislocations are generated in the
matrix around the CNTs, and this will inevitably lead to
improved yield strength. The ease of movement of these
dislocations, which can account for the ductility improve-
ment in the Mg-1.3CNT nanocomposite, is still unknown.
Therefore, the ductility improvement in the Mg-CNT
nanocomposites is explained by the generation and move-
ment of the dislocations during extrusion and during ten-
sile deformation. As the ductility improvement is most
signiﬁcant in Mg-1.3CNT nanocomposite, dislocation
studies were conducted on this nanocomposite, together
with the monolithic Mg. The dislocations in extruded
monolithic Mg on the ð2110Þ foil plane where the basal
planes are seen edge-on are shown in Fig. 2a. Only basal
dislocations are present in the grain as all the lines are par-Fig. 4. Dislocation structures in Mg-1.3CNT nanocomposite before
tensile deformation observed on (a) ð2110Þ foil plane when g ¼ 0110
and (b) ð2110Þ foil plane when g = 0002. The basal plane trace common
to (a) and (b) is represented by the black line.allel to the basal plane trace. In the g = 0002 diﬀraction
condition (Fig. 2b), no prismatic or pyramidal slip are
observed. Hence, during extrusion, only the basal slip sys-
tem is active. To fulﬁl the Von Mises criterion, twinning
(Fig. 3) is also found to be a deformation mechanism dur-
ing extrusion. Similar deformation behaviour is also
observed in Mg–Y2O3 nanocomposites during extrusion
[17].
Fig. 4 shows the dislocations in the Mg-1.3CNT nano-
composite in the ð2110Þ foil plane after extrusion, where
all the basal dislocations with b ¼ 1
3
h1120i will be parallel
to the basal plane trace (0002). When g ¼ 0110, the c dis-
locations with b = [0001] are not discernable. Therefore,
only hai and hc + ai dislocations can be seen. As most of
the dislocations are parallel to the basal plane trace
(Fig. 4a), it can be deduced that only a small amount ofFig. 5. Dislocation structures in monolithic Mg after tensile fracture
observed when (a) g ¼ 0110 and (b) g = 0002. The basal plane trace
common to (a) and (b) is represented by the black line.
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the dislocations in the grain when g = 0002. A hc + ai seg-
ment is seen to cross slip from a non-basal plane to a basal
plane (parallel to the basal plane trace). Dislocation studies
in Mg-1.3CNT nanocomposites show that unlike mono-
lithic Mg, both basal and non-basal slip are active during
extrusion. From the observation of the dislocations, it
can be deduced that the presence of CNTs in Mg has
assisted in the activation of non-basal slip and cross-slip
in Mg-1.3CNT nanocomposite.
Figs. 5 and 6 show the dislocation structures in the
monolithic Mg and the Mg-1.3CNT nanocomposite after
tensile fracture, respectively. For monolithic Mg, limited
amounts of basal dislocations lie parallel to the basal plane
trace (Fig. 5a), and no hc + ai dislocations are observed.
The extensive non-basal dislocations with c component
Burgers vector (e.g. b = [c] or hc + ai [15]) in Fig. 5b dem-
onstrate that the non-basal slip systems are much moreFig. 6. Dislocation structures in Mg-1.3CNT nanocomposite after tensile fract
common to (a) and (b) is represented by the black line.active than the basal slip systems. Cross-slipping of basal
a dislocation with screw type Burgers vector [18] or pris-
matic hai slip can be clearly observed in the Mg-1.3CNT
nanocomposite after tensile deformation (Fig. 6a). In
Fig. 6b, it is observed that mainly pyramidal hc + ai dislo-
cations traverse between the basal and non-basal slip
planes. Two hc + ai segments actively cross-slip between
the diﬀerent slip planes. Tensile deformation results in a
substantial increase in the non-basal dislocations in both
the monolithic and Mg-CNT specimens. Cross-slipping of
the pyramidal dislocations is also found to be more preva-
lent. The stress applied in the tensile test and the alignment
of the slip planes after extrusion result in the generation
and movement of these non-basal dislocations.
During tensile deformation, the basal and the non-basal
slip systems are activated in the monolithic Mg and Mg-
1.3CNT nanocomposite. It has been reported that the
alignment of the basal planes along the extrusion directionure observed when (a) g ¼ 0110 and (b) g = 0002. The basal plane trace
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tensile tests [18]. Fig. 7a shows the ð1010Þ, (0002) and
ð1011Þ pole ﬁgures of Mg-1.3CNT nanocomposite after
extrusion. The monolithic Mg exhibits similar texture,
whereby the c-axis is approximately perpendicular to
ND. Fig. 7b shows a schematic representation of the align-
ment of the planes in the extruded rod based on the results
obtained from the pole ﬁgures. It is observed that the basal,
prismatic and pyramidal planes are not exactly aligned at
90, 0 and 45, respectively along ND. The three planes
are tilted randomly within about 20 from their respective
90, 0 and 45 positions. This arrangement of the basal
planes points to a low resolved shear stress on the basal slip
systems. This favours the activation of the non-basal slip
systems. As there is little resolved shear stress on the basal
planes, the dislocations in this slip system can still move,
albeit with some diﬃculty. These results from texture anal-
ysis explain why both basal and non-basal slips are acti-
vated in monolithic Mg and Mg-1.3CNT nanocomposites
after tensile deformation. The basal slip mode in mono-
lithic Mg was not as active as that in Mg-1.3CNT nano-
composite, and prismatic hai slip was absent inFig. 7. Texture analysis of Mg-1.3CNT nanocomposite showing (a)
ð1010Þ, (0002) and ð1011Þ pole ﬁgures and (b) alignment of basal and
non-basal planes according to the pole ﬁgures results.monolithic Mg. Koike and Ohyama [19] have reported that
prismatic hai slip is responsible for the good tensile ductil-
ity in AZ61 Mg alloy. In previous studies, alloy additions
(Al and Zn) have been found to promote non-basal slip
in Mg [15]. The elastic strain ﬁeld imposed by the solid
solution eﬀect could have resulted in the non-basal slip.
Similarly, with the addition of CNTs in Mg, an elastic
strain energy proportional to the square of the volume mis-
ﬁt induced in the matrix [20] could have changed the slip
behaviour in Mg. Koike et al. [18,19] observed that grain
boundaries can enforce constraints that result in non-basal
slip. These grain boundaries may act as potent sources for
the activation of non-basal dislocations which can alter the
slip systems. Likewise, the presence of CNTs, which alter
the localized strain ﬁeld in Mg matrix, can act as sources
for the change in the slip system, and can assist in cross-slip
and the activation of non-basal slip systems. Dislocation
movement is made easier, and slip and cross-slip can occur
freely on the independent slip systems, even on the basal
planes that are not favourably oriented. The ease of dislo-
cation glide on the diﬀerent slip planes allows higher defor-
mation to take place before the material fails, and this
could explain the higher ductility of Mg-1.3CNT nanocom-
posite compared to monolithic Mg.
3.2. Fatigue studies in Mg and Mg-1.3CNT nanocomposite
The plastic strain amplitude (Dep/2) vs. number of cycles
(N) plots for monolithic Mg andMg-1.3CNT nanocompos-
ite at constant stress amplitudes of +/35 and +/70 MPa
are shown in Fig. 8. It can be observed that the cycles to fail-
ure for the Mg-1.3CNT nanocomposite are lower than that
of monolithic Mg. The lower fatigue life is likely to be due
to crack initiation at the surface of the Mg-1.3CNT nano-
composite specimen where clusters of CNTs are found.
Clustering of the CNTs, leading to voids, is inevitable due
to the high aspect ratio of the tubes. These small clusters
do not pose a problem in the tensile properties of the Mg-
CNT nanocomposites, however, when the clusters are
found on the surface of the fatigue specimens, they act as
defects where cracks originate. This is very detrimental to
the fatigue life of the Mg-1.3CNT nanocomposites as the
crack initiation phase (which is the longest fatigue loading
phase) is shortened considerably.
Monolithic Mg and Mg-1.3CNT nanocomposite exhibit
similar hardening behaviour at low stress amplitude. A
sharp drop in plastic strain amplitude can be observed for
both monolithic Mg and Mg-1.3CNT between 103 and
104 number of cycles. Dislocations generally multiply at a
slower rate at low applied stress. This results in less disloca-
tion interactions and slower rate of work hardening ini-
tially. Above a threshold number of cycles, suﬃcient
sessile dislocations could have been generated which led
to the work hardening behaviour and is seen as a sudden
reduction in the plastic strain amplitude. At higher applied
stress amplitude, the extent of hardening is more signiﬁcant
for the Mg-1.3CNT nanocomposites. The hardening
Fig. 9. Dislocation structures in monolithic Mg fatigued at a stress
amplitude of +/35 MPa.
Fig. 10. Dislocation structures in Mg-1.3CNT nanocomposite fatigued at
a stress amplitude of +/35 MPa. The basal plane trace is represented by
the black line.
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Fig. 8. Plastic strain amplitude (Dep/2) vs. number of cycles plots for
monolithic Mg and Mg-1.3CNT nanocomposite tested at constant stress
amplitudes of (a) +/35 MPa and (b) +/70 MPa.
1438 C.S. Goh et al. / Composites Science and Technology 68 (2008) 1432–1439observed in the monolithic Mg is due to the interaction
between the dislocations during the cycling process. The
dislocations are found to form forest dislocations (Fig. 9).
These forest dislocations further exert a back stress on the
gliding dislocations and hinder their free movement, result-
ing in further hardening. The more severe hardening of the
Mg-1.3CNT nanocomposite is due to greater dislocation
interactions. Fig. 10 shows the dislocation structures in
Mg-1.3CNT nanocomposite fatigued at +/35 MPa.
Non-basal dislocations can be seen at the ð2110Þ foil plane
when g = 0002. These non-basal dislocations were not
observed in monolithic Mg or Mg–Y2O3 nanocomposites
fatigued under the same condition [21]. This result further
substantiates the propensity of CNTs to activate slip and
cross-slip on non-basal slip systems. The activation of
non-basal slip denotes that more glissile dislocations are
present in the Mg matrix. At higher fatigue stress ampli-
tude, the greater interaction between large numbers of dis-
locations and between the CNTs and dislocations result in
sessile forest dislocations, leading to increased hardening
of the Mg-1.3CNT nanocomposite, when compared to
monolithic Mg.4. Conclusions
I. During extrusion, the presence of CNTs could have
assisted in the activation of prismatic and cross-slip
in the Mg matrix.
II. Texture analysis results reveal the alignment of the
basal planes along the extrusion direction, and this
explains the activation of both basal and non-basal
slip in monolithic Mg and Mg-1.3CNT nanocompos-
ite during tensile deformation.
C.S. Goh et al. / Composites Science and Technology 68 (2008) 1432–1439 1439III. The high activity of the basal slip system and the ini-
tiation of prismatic hai slip have resulted in the
improved ductility in Mg-CNT nanocomposites.
IV. Plastic strain amplitude (Dep/2) vs. number of cycles
(N) plots show that the cycles to failure for the Mg-
1.3CNT nanocomposite is lower than that of the
monolithic Mg. This is due to the voids present at
the surface of the nanocomposite specimen where
clusters of CNTs are found.
V. Mg-1.3CNT nanocomposite is found to harden more
than monolithic Mg upon cycling. Greater interac-
tion between large numbers of dislocation and
between CNTs and dislocations are identiﬁed as the
causes.
VI. Non-basal dislocations, which are activated in Mg-
1.3CNT nanocomposite during fatigue, are not pres-
ent in monolithic Mg. This result further substanti-
ates the ability of CNTs to initiate non-basal slip
and cross-slip.
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Characterization of High Performance
Mg/MgO Nanocomposites
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ABSTRACT: Mg reinforced with up to 1 vol% of nanosize MgO was synthesized
using the disintegrated melt deposition technique followed by hot extrusion. The
influence of nano-size MgO particles on the physical and mechanical properties of
Mg was investigated. There was an improvement in thermal stability, macrohard-
ness, yield and tensile strengths, and modulus of the nanocomposites relative to pure
Mg. Transmission electron microscopy analysis showed good interfacial adhesion
between Mg and MgO. A comparison was made between the experimental yield
strengths of the nanocomposites and the predicted yield strengths determined
by load bearing effect, coefficients of thermal expansion mismatch, and Orowan
strengthening models.
KEY WORDS: magnesium, MgO, nanocomposite.
INTRODUCTION
MAGNESIUM (Mg), BEING the lightest structural metal known, is a popular materialfor applications in the automotive, aerospace, sports equipment, and electronics
industries. Magnesium is used in weight saving applications by the automotive industry
as fuel consumption savings obtained can be as high as 60% [1]. Generally, a weight
reduction of 100 kg will reduce fuel consumption by around 5% [2]. To further extend
the applications of Mg in the automotive and other weight critical industries, an improve-
ment in the specific properties and ductility of Mg is required. Reinforcing Mg with
discontinuous phases such as micron-size particulates can significantly improve the
physical, mechanical, and damping properties of Mg [3–5]. The desired properties can be
achieved by a judicious selection of the type of reinforcing particles. However, while the
addition of micron-size reinforcing particles will improve the strength of Mg, the ductility
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of Mg suffers significantly, and affects the formability of Mg [3,6]. The use of nano-size
reinforcement is being studied to overcome this limitation.
The use of nanoparticles as reinforcement in Mg has been studied by Jie Lan et al. [7],
Ferkel and Mordike [8], and Hassan and Gupta [9]. Lan et al. and Ferkel and Mordike
used SiC nanoparticles as reinforcement in Mg. Lan et al. used an ultrasonic method to
incorporate the SiC nanoparticles into Mg. They reported that the microhardness of the
composite had increased by approximately 75% compared to the monolithic alloy AZ91D.
Ferkel and Mordike found that the SiC nanoparticles improved the flow stress and
decreased the creep rate of Mg. The study by Hassan and Gupta revealed that nano Al2O3
reinforcements simultaneously increased the strength and ductility of Mg. The composites
were also more thermally stable. These investigations on nanoparticles in Mg indicate that
nanoparticles have a positive influence on physical and mechanical properties of Mg.
For the present study Mg nanocomposites containing nanosize MgO is synthesized
using the disintegrated melt deposition (DMD) technique [3,6]. MgO particles are chosen
for their excellent thermal and mechanical properties. The study aims to characterize and
study the physical and mechanical behaviors of Mg–MgO nanocomposites.
EXPERIMENTAL PROCEDURES
Magnesium turnings of 99.9% purity (supplied by ACROS ORGANICS, USA) was
used as the matrix material, and nano-size MgO particles (supplied by Nanostructured
and Amorphous Materials, Inc., USA) with a mean diameter of 36 nm was used as the
reinforcement. The disintegrated melt deposition method was used to synthesize
monolithic Mg and Mg nanocomposites. The synthesis of Mg nanocomposites involved
heating the magnesium turnings with MgO particles (placed in alternate layers between
Mg) to 750C under Ar gas atmosphere in a graphite crucible. The heated slurry was
stirred at 450 rpm for 5min using a twin blade mild steel impeller to facilitate uniform
incorporation of the MgO particles into the magnesium matrix. The impeller was coated
with ZIRTEX 25 (86% ZrO2, 8.8% Y2O3, 3.6% SiO2, 1.2% K2O and Na2O, and 0.3%
trace inorganics) to avoid iron contamination of the molten Mg metal. The twin blade
mild steel impeller was placed just 20mm above the bottom of the graphite crucible,
and the blades of the impeller, which were tilted at an angle of 45, covered a relatively
large area of the crucible base. This design prevented the heavier MgO nanoparticles from
settling when the melted slurry was stirred for 5min. Furthermore, stirring at an optimized
speed of 450 rpm caused a vortex to form in the melt, and this effectively enhanced the
distribution of the particles. This stirring process ensured the homogeneity of the melted
slurry. The melt, with incorporated MgO particles, was then released through a 25.4mm
diameter orifice at the base of the crucible and disintegrated by two jets of argon gas,
oriented normal to the melt stream. The disintegrated droplets were then deposited
onto a metallic mold following the disintegration. A 40mm diameter ingot was obtained
following the deposition stage. Monolithic magnesium was synthesized using similar
procedures to those employed for the Mg nanocomposites except that no MgO particles
were added. The ingots obtained using the DMD process were machined to a diameter
of 36mm and then hot extruded at 350C using an extrusion ratio of 20.25 : 1.
Microstructural analysis was carried out to determine the distribution of the nano-size
MgO particles using the Hitachi S4100 FESEM. Transmission electron microscopy (TEM)
analysis using Jeol 2010F was employed to examine the interfacial integrity between the
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MgO particle and Mg matrix, and to study the dislocation structures in the Mg–MgO
nanocomposite specimens. The Archimedes’ principle was used to measure the density
of Mg and Mg nanocomposites [4]. The density for each material was calculated based
on the average of three samples. The coefficients of thermal expansion (CTE) of the
extruded Mg and nanocomposite samples were determined by measuring the displacement
of the samples as a function of temperature in the temperature range of 50–400C using
an automated SETARAM 92-16/18 thermo-mechanical analyzer. Superficial Rockwell
hardness measurements (HR 15T) were made on the extruded specimens of Mg and
Mg–MgO nanocomposites. A 1/1600 diameter steel ball indenter with a 15 kgf test load was
used in accordance with the ASTM E18-94 standard. The tensile properties of the extruded
Mg and nanocomposite samples were determined in accordance with ASTM test method
E8M-01 using a MTS machine with a crosshead speed of 0.254mm/min, 6–8 tensile
specimens were tested for each material, and the average values were determined.
RESULTS
Macrostructural characterization revealed the absence of macropores and shrinkage
cavity in the as-deposited monolithic and reinforced Mg ingots. A FESEM micrograph
showing the distribution of MgO nanoparticles in the Mg matrix is given in Figure 1.
The MgO particles were mostly present individually (Figure 1a) with occasional clusters
(Figure 1b) sparsely distributed in the Mg matrix. The TEM micrograph in Figure 2
revealed good interfacial integrity between the MgO particles and the Mg matrix.
No cracks or debonding were observed at the interface even at such a high magnification.
The grain size of the nanocomposites with different volume fraction of incorporated
reinforcements remained substantially the same as for unreinforced pure Mg (Table 1).
Table 1 shows the results for the density measurement for the extruded Mg and its
nanocomposite samples. A slight increase in density was observed with an increase in the
proportion of nano-size MgO particles. However, the difference was minimal and within
1%. The CTE results for the monolithic Mg and Mg–MgO nanocomposites are shown in
Table 1. The thermal stability of the Mg nanocomposites increased by up to 11% when 1
vol.% of MgO was added to pure Mg. Table 2 shows the macrohardness results for the Mg
and Mg–MgO nanocomposites. It was found that the macrohardness of the Mg–1.0 vol%
MgO nanocomposite can be as much as 20% higher than for pure Mg. Figure 3 depicts the
typical stress–strain curves for unreinforced pure Mg and the Mg–MgO nanocomposites.
An increasing trend in yield strength can be clearly discerned. The tensile test results given
in Table 2 show an overall improvement in the yield and tensile strengths as well as elastic
modulus of the nanocomposites. Improvement in 0.2% yield strength was observed to be
as high as 34%. Ultimate tensile strength (UTS) increased to 233MPa with only 0.5 vol%
of MgO added. Modulus of the nanocomposites improved progressively with higher
additions of MgO, while ductility remained unchanged with 0.5 vol% MgO as
reinforcement, above which, the ductility dropped to 3%.
DISCUSSION
The Mg–MgO nanocomposites are found to have improved macrohardness, yield and
tensile strengths, and modulus as compared to the unreinforced pure Mg. Table 2 provides
High Performance Mg/MgO Nanocomposites 2327
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a comparison of Mg–0.5MgO nanocomposite with the results for conventional Mg–SiC
composites obtained by other researchers. It can be seen from the table that the Mg–MgO
nanocomposites have better yield and tensile strengths and ductility than the Mg–SiC
composites with higher amounts of incorporated reinforcements. The main reasons for the
lower tensile strength and ductility for conventional Mg–SiC composites are: (1) particle
fracture due to intrinsic flaws; and (2) decohesion of the particle–matrix interface. The
stress that causes a particle to fracture is given by Equation (1) [10]:
particle fracture ¼ Kparticle fractureﬃﬃﬃﬃﬃﬃﬃﬃ
2d
p ð1Þ
where d is the flaw size and Kparticle fracture is the fracture toughness of the MgO






Figure 1. FESEM micrograph showing (a) individual and (b) clusters of MgO nanoparticles in the Mg matrix.
2328 C. S. GOH ET AL.
 © 2007 SAGE Publications. All rights reserved. Not for commercial use or unauthorized distribution.




Figure 2. TEM micrograph showing good interfacial integrity between MgO particle and Mg matrix.








Mg (99.9% purity) 45 1 126  7 192 5 39.9 2 82
Mg–0.5MgO 47 1 151 3 233 5 48.9 1 81
Mg–0.75MgO 53 1 158 5 213 4 53.5 1 32
Mg–1.0MgO 54 2 169 8 223 8 54.2 2 31
Mg–21.3wt% SiC [3] – 128 2 176 2 – 1.4 0
Mg–10 vol% SiC [5] – 120 160 – 2
AZ91–10 vol% SiC [22] – 135 152 – 0.8
Table 1. Results of grain size, density and CTE of Mg and Mg–MgO nanocomposites.
Materials MgO (vol%) Grain size (km) Density (g/cm3) CTE (T106/C)
Mg (99.9% purity) 0.00 15.9 3.8 1.738 0.010 28.73 0.59
Mg–0.5MgO 0.50 14.0 3.4 1.748 0.005 26.85 0.65
Mg–0.75MgO 0.75 14.8 3.4 1.751 0.005 26.00 0.68
Mg–1.0MgO 1.00 15.4 4.2 1.755 0.002 25.62 0.10
High Performance Mg/MgO Nanocomposites 2329
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it can be generally assumed that the flaw in the particle is directly proportional to the
particle size. For nanosize MgO particles, the flaw size is significantly reduced, since
the particle is three magnitudes smaller than conventional micron-size reinforcements.
This results in an extremely high stress that is required to cause the particle to fracture.
Furthermore, smaller particles will also have a lower probability of containing fracture
initiating defects [4]. Nanocomposites are less likely to fail due to interfacial decohesion
relative to conventional composites because according to Lloyd [4], defects are more
commonly found around large particles compared to small particles, and these defects will
inevitably contribute to particle/matrix interfacial failure. Other studies have also shown
that good interfacial bonding is achieved between nanoparticles and the metal matrix,
thus further reducing the flawed interfacial area in a nanocomposite [11,12]. As the volume
fraction of the nanosize particles used for this study is very small, the occurrence of
interfacial failure is expected to be insignificant. Assuming that the cohesive strength





[13], smaller particle sizes will undoubtedly result in a higher interfacial
strength, and a lower prevalence of particle/matrix interfacial failure. The ultimate tensile
strength and ductility of Mg–MgO nanocomposites are found to be higher than the
micron-size Mg–SiC composites as a result of the reduced likelihood for particle
fracture and particle/matrix interfacial decohesion to take place. At volume fraction
of MgO particles above 0.5, the ductility of the nanocomposites decreases due to the
inherent brittleness of the MgO particles which reduces the plastic deformation of the
Mg matrix.
The yield strength of the nanocomposite increased to 169MPa when 1 vol% of MgO
was added to the Mg matrix. Table 2 shows that the yield strength of the nanocomposites
is much higher than the Mg–SiC composites. This is consistent with the findings that
the particle diameter is inversely related to the yield strength of a composite [14,15].
The improved yield strength in the nanocomposites can be represented by [16]:
my ¼ mo þ ð2Þ
where my and mo are the yield strength of the reinforced and the unreinforced matrix


















Figure 3. Typical stress–strain curves for unreinforced pure Mg and Mg–MgO nanocomposites.
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reinforcements in the matrix. As it was found that the grain size of the nanocomposites
and the unreinforced pure Mg are very similar, the contribution from the Hall–Petch effect
can be disregarded. Zhang and Chen [15] proposed that nanoparticles improve the yield
strength of the matrix of a composite due to the load bearing effect, enhanced dislocation
density due to CTE mismatch between the reinforcement and matrix, and the Orowan
strengthening mechanism. The improved yield strength contributed by these three
mechanisms can be represented as:
 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ




















dp ð1=2VpÞ1=3  1
  ln dp
2b
15½ : ð6Þ
The following values were used in the calculation of the yield strength of the
nanocomposites based on the three stated mechanisms: mo¼ 126MPa, Em¼ 39.9GPa,
Gm¼ 15.3GPa, Burgers vector, b¼ 0.32 nm, m¼ 28.73 106/C, p¼ 8.0 106/C,
T¼ 330C [Tprocess(350C)Ttest(20C)], dp¼ 36 nm, and Vp¼ 0.005, 0.0075, and 0.01.























Figure 4. Comparison of experimental and predicted yield strengths.
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based on the three strengthening mechanisms. Both the experimental and predicted curves
show an increasing trend. However, the absolute values of the experimental and predicted
yield strengths differ by around 30%. From calculation, CTE mismatch between the pure
Mg and the nanosize reinforcement contributes a large part to the improvement in the
predicted yield strength. A portion of the geometrically necessary dislocations generated











Figure 5. Dislocation structures in Mg–0.5MgO nanocomposite after extrusion. (a) Dislocation loop, tangles
and debris, (b) sparsely-spaced individual strands of dislocations, and (c) uniform array of long parallel
dislocations.
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nanoparticles are annihilated due to the recrystalization of the Mg grains during the
extrusion process. Recrystalization of Mg grains occurs at 150C, which is much lower
than the extrusion temperature of 350C [18]. Formation of new, defect-free grains
diminishes the number of geometrically necessary dislocations due to the CTE mismatch,
resulting in the predicted yield strength being higher than the experimental results.
Another explanation for the lower experimental yield strength can be attributed to
the formation of shear bands in the nanocomposites during the tensile test. Figure 5
shows the commonly observed dislocations in the matrix of Mg–0.5MgO nanocomposite
after the extrusion process, but prior to the tensile test. Dislocation tangles, loops and
debris can be found as shown in Figure 5(a), and sparsely-spaced individual strands of
dislocations are clearly observed in Figure 5(b). Figure 5(c) shows a uniform array of
long, parallel dislocations indicating primarily the activation of one dominant slip
system. Figure 6 shows the dislocations in the Mg–0.5MgO matrix after the tensile test.
Micro shear bands in the Mg matrix, which were non-existent in the nanocomposite
samples after extrusion, can be clearly observed. Formation of micro shear bands
indicates localization of deformation and easy glide basal planes in the banded materials
will be more favourably aligned for shear [19]. The formation of shear bands has been
associated with a decrease in the strength in Mg and other metals [19–21]. This
phenomenon enables the material to deform at a lower stress. The formation of micro
shear bands, which is not accounted for in the models used to predict the yield strength
of the nanocomposite, is a likely explanation for the lower than predicted experimental
yield strength obtained.
500 nm 
Micro shear bands 
Figure 6. Micro shear bands formed in the matrix of Mg–0.5MgO nanocomposite.
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CONCLUSIONS
1. Disintegrated melt deposition method coupled with hot extrusion can be used to
synthesize Mg–MgO nanocomposites with properties that are superior to the
conventional Mg–SiC composites.
2. Coefficient of thermal expansion results reveal that Mg–MgO nanocomposites are
more thermally stable than monolithic pure Mg, and the thermal stability increases
with higher additions of nanosize MgO particles.
3. Characterization of mechanical properties reveals improvements in the macrohardness,
yield, and tensile strengths and modulus of the nanocomposites relative to pure Mg.
4. Prediction of the yield strength of the nanocomposites using load bearing effect, CTE
mismatch, and Orowan strengthening models reveals disagreement in the predicted and
experimental results. This discrepancy can be explained by the recrystalization of the
Mg grains during extrusion. The effects of the annihilation of the dislocations and
softening of the Mg matrix due to the formation of micro shear bands are not reflected
in the prediction model.
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Composites of Mg reinforced with 0.5, 1 and 2 vol.% of nanosized Y2O3 particles were fabricated using the disintegrated melt depo-
sition technique. The nanocomposites were found to be thermally more stable than monolithic pure Mg and the tensile yield strength
increased by 29% with the addition of 2 vol.% of Y2O3 nanoparticles. The yield strength improvement was attributed to (i) load-bearing
eﬀects due to the presence of nanosized reinforcements, (ii) generation of geometrically necessary dislocations to accommodate CTE mis-
match between the matrix and the particles, (iii) Orowan strengthening, and (iv) the Hall–Petch eﬀect due to grain size reﬁnement. Basal
slip and twinning were found to be the main deformation modes during extrusion, while non-basal slip was activated during tensile defor-
mation at room temperature due to the alignment of basal planes along the tensile axis after extrusion.
 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords: Magnesium; Y2O3; Nanocomposite; Slip1. Introduction
Magnesium matrix composites are widely studied due to
their attractive lightweight properties, especially their high
speciﬁc strength and stiﬀness. Lightweight metal compos-
ites oﬀer great potential as structural materials for the aero-
space and automobile industries. Among the diﬀerent types
of Mg-based composites, particulate Mg matrix composites
have the advantages of lower cost and easier fabricability
and secondary processing as compared to ﬁbre-reinforced
Mg matrix composites. Addition of micron-sized particu-
lates, such as SiC particles [1–6] or metal particles [7,8], into
Mg has been shown to improve yield strength, modulus,
hardness, fatigue and wear resistance, as well as damping
properties and thermal stability. However, micron-sized
reinforcements usually result in the ductility and/or tensile
strength being sacriﬁced. Studies have shown that the use
of nanosized reinforcements imparts an excellent combina-
tion of strength and ductility [9–11].1359-6454/$30.00  2007 Acta Materialia Inc. Published by Elsevier Ltd. All
doi:10.1016/j.actamat.2007.05.032
* Corresponding author. Tel.: +65 90885447; fax: +65 65162241.
E-mail address: chweesim@nus.edu.sg (C.S. Goh).Research has shown that Y2O3 is a good choice as a
reinforcement in Mg. Han and Dunand investigated sub-
micron-sized yttria dispersoids in dispersion-strengthened-
cast Mg (DSC-Mg). They found that DSC-Mg reinforced
with 30 vol.% yttria is stronger than conventionally pro-
cessed Mg alloys and most Mg matrix composites in com-
pression, and exhibits excellent high-temperature creep
properties [12,13]. Garce´s et al. [14,15] reported that the
presence of micron-sized Y2O3 particles randomizes the
ﬁber texture that is developed during the extrusion of the
material. Hassan and Gupta [16] showed that nano-Y2O3
can improve the tensile properties and hardness of Mg.
To date, little is known of the characteristics of the Mg
and Y2O3 particle interface, the strengthening mechanisms
in Mg–Y2O3 nanocomposites, and the dislocation behav-
iour in the composite when extruded and in tension.
Accordingly, Mg-based nanocomposites containing
nanosized Y2O3 were fabricated. The nanocomposites
obtained were then hot extruded and characterized in terms
of their physical and tensile properties. The properties
obtained were then related to the strengthening and defor-
mation behaviours of the nanocomposites.rights reserved.
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2.1. Materials
The matrix material used was Mg turnings of 99.9%
purity (supplied by Acros Organics, USA), and the diame-
ters of the nanosized Y2O3 reinforcing particles (supplied
by Nanostructured and Amorphous Materials, Inc.,
USA) range from 32 to 36 nm. The disintegrated melt
deposition (DMD) method was used to synthesize the
monolithic Mg and Mg nanocomposites. The Mg turnings
were heated together with Y2O3 particles (placed in alter-
nate layers between Mg) to 750 C under argon gas in a
graphite crucible. The heated slurry was stirred at
450 rpm for 5 min using a twin-blade mild steel impeller
to ensure uniform incorporation of the Y2O3 particles into
the Mg matrix. The impeller was coated with ZIRTEX 25
(86% ZrO2, 8.8% Y2O3, 3.6% SiO2, 1.2% K2O and Na2O
and 0.3% trace inorganics) to avoid iron contamination
of the molten Mg metal. The twin-blade mild steel impeller
was placed 20 mm above the bottom of the graphite cruci-
ble, and the blades of the impeller (tilted at an angle of
45), when rotated, covered a relatively large area of the
crucible base. This design prevented the heavier Y2O3
nanoparticles from settling when the melted slurry was stir-
red for 5 min. Stirring at an optimized speed of 450 rpm
created a vortex in the melt, and this eﬀectively enhanced
the distribution of the particles. This stirring arrangement
was used to ensure the homogeneity of the melted slurry.
The melt, with the incorporated Y2O3 particles, was
released through an oriﬁce at the base of the crucible and
disintegrated by two jets of argon gas which were oriented
normal to the melt stream. The disintegrated droplets were
then deposited onto a metallic mould following the disinte-
gration to form a 40 mm diameter ingot. The monolithic
Mg was synthesized using similar procedures except that
no Y2O3 particles were added. The ingots obtained using
the DMD process were machined to a diameter of
36 mm and hot extruded at 350 C using an extrusion ratio
of 20.25:1.
2.2. Density and grain size measurement
Archimedes’ principle [4] was used to measure the den-
sity of Mg and Mg nanocomposites. For each, three ran-
domly selected extruded rod samples were tested and the
average density was calculated. The grain sizes were deter-
mined using Scion image analysis software.
2.3. Coeﬃcient of thermal expansion
The coeﬃcients of thermal expansion (CTE) of the
extruded Mg and nanocomposite samples were obtained
by measuring the displacement of the samples as a function
of temperature in the temperature range of 50–400 C using
an automated SETARAM 92-16/18 thermomechanical
analyzer.2.4. Tensile testing
The tensile properties of the extruded Mg and nanocom-
posite samples were determined in accordance with ASTM
test method E8M-01 using an MTS machine with a cross-
head speed set at 0.254 mm min1.
2.5. Microstructural analysis
Microstructural analysis and determination of the distri-
bution of the nanosized Y2O3 particles were carried out
using a Hitachi S4300 ﬁeld emission scanning electron
microscope. Transmission electron microscopy (TEM)
analysis with a JEOL 2010 F was used to examine the inter-
facial integrity between the Y2O3 particle and Mg matrix,
and to study the dislocation structures in the Mg–Y2O3
nanocomposite specimens. TEM samples were prepared
by cutting the specimens perpendicular to the extrusion
direction. The cut disks were mechanically ground to less
than 200 lm in thickness. Specimens 3 mm in diameter
were then punched out from the cut disk. A modiﬁed
MTP-1A twin-jet electropolisher with a voltage supply of
70 V was used to thin down the 3 mm specimens to perfo-
ration. The electrolyte used was a mixture of 5.3 g lithium
chloride, 11.16 g magnesium perchlorate, 500 ml methanol
and 100 ml 2-butoxyethanol. To distinguish the basal dislo-
cations from the non-basal ones, the TEM samples were
tilted in such a way that the incident beam was aligned par-
allel to either the ½2110 or the ½0110 direction. In this con-
dition, the basal planes were parallel to the incident beam.
Dislocations aligned along the basal plane trace will be in
the basal slip system, while the out-of-plane ones will be
the non-basal dislocations. Based on the g Æ b invisibility
criterion, dislocations with the c Burgers vector are out
of contrast when g ¼ 0110 or g ¼ 0110, and dislocations
with the a Burgers vector are invisible when g = 0002.
3. Results
3.1. Density and grain size
The density of the nanocomposites increases with the
proportion of Y2O3 reinforcement added; however, this
increase was less than 1%, and hence very insigniﬁcant. A
previous study has shown that when 16 vol.% of micron-
sized SiC particles were added to Mg, the density increased
by as much as 13% [17], and the strengths and ductility
were much lower than those obtained in the present study.
With the addition of 2 vol.% of Y2O3, the average grain
size of the Mg matrix reduces to about 11.5 lm (Table
1), which is a slight decrease considering the standard
deviation.
3.2. Coeﬃcient of thermal expansion (CTE)
Table 1 shows the CTE results of monolithic Mg and
Mg–Y2O3 nanocomposites. The CTE of Mg decreases by
Table 1
Results of grain size, density and CTE of Mg and Mg–Y2O3 nanocomposites
Materials Y2O3 (vol.%) Grain size (lm) Density (g cm
3) CTE (·106 C1)
Mg (99.9% purity) 0.0 15.9 ± 3.8 1.738 ± 0.010 28.73 ± 0.59
Mg–0.5Y2O3 0.5 16.2 ± 3.6 1.742 ± 0.008 27.81 ± 0.36
Mg–1.0Y2O3 1.0 12.2 ± 4.0 1.743 ± 0.002 27.02 ± 0.75
Mg–2.0Y2O3 2.0 11.5 ± 3.2 1.749 ± 0.003 26.82 ± 0.46
Fig. 1. Distribution of Y2O3 nanoparticles inside the Mg matrix.
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into the Mg matrix.
3.3. Tensile behaviour
Tensile test results (Table 2) show an improvement of
29% in the yield strength of Mg–2 vol.% Y2O3 nanocom-
posite. Ultimate tensile strengths (UTS) of the nanocom-
posites at various additions of Y2O3 were higher than
that of monolithic Mg, and remain relatively unchanged
with higher additions of Y2O3 nanoparticles. The change
in ductility as a result of the presence of Y2O3 was also
found to be statistically insigniﬁcant.
3.4. Microstructural analysis and dislocation structures
evolution before and after tensile deformation
Fig. 1 shows the distribution of the Y2O3 nanoparticles
in the Mg matrix. The reinforcement appears individually,
and occasionally small clusters are visible in the matrix.
Fig. 2 shows a TEM micrograph of the interface between
a Y2O3 particle and the Mg matrix. It can be seen from
the micrograph that there is excellent interfacial adhesion
between the particle and the matrix, with no debonding
or cracks.
The representative dislocation structures in the Mg–
Y2O3 nanocomposite taken under two-beam diﬀraction
conditions after extrusion and before tensile deformation
are shown in Fig. 3. Based on the g Æ b invisibility criterion,
dislocations with the c Burgers vector are out of contrast in
Fig. 3a, and dislocations having the a Burgers vector are
invisible in Fig. 3b. From Fig. 3a, it can be seen that nearly
all the dislocations are parallel to the basal plane trace,
indicating that majority of the dislocations in the grain
have the a Burgers vector and are basal dislocations. Very
small numbers of c + a dislocations are found in the grain.
Fig. 3b shows that there are almost no c or c + a disloca-
tions in the grain. Twinning is also identiﬁed as one of
the deformation modes (see Fig. 4a). Fig. 4b shows non-
basal dislocations (c or c + a dislocations) originating fromTable 2
Results of tensile properties of Mg and Mg–Y2O3 nanocomposites
Materials 0.2% YS (MPa) UTS (MPa) Ductility (%)
Mg (99.9% purity) 126 ± 7 192 ± 5 8.0 ± 1.6
Mg–0.5Y2O3 141 ± 7 223 ± 5 8.5 ± 1.6
Mg–1.0Y2O3 151 ± 5 222 ± 4 6.8 ± 0.5
Mg–2.0Y2O3 162 ± 10 227 ± 11 7.0 ± 0.5
Fig. 2. TEM micrograph of Mg–0.5Y2O3 nanocomposite showing good
Y2O3/Mg interfacial adhesion.the twin interface. These dislocations are observed to cross-
slip to diﬀerent basal planes next to the twin boundary. The
dislocation structures in the Mg–Y2O3 nanocomposites
Fig. 3. Representative dislocation structures in Mg–0.5Y2O3 nanocom-
posite after extrusion. The diﬀraction vector is indicated by an arrow and
the basal plane trace by the white line.
Fig. 4. Twinning in Mg–0.5Y2O3 nanocomposite.
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shows a micrograph taken at the zone axis ½2110, where
all the dislocations in the grain are observable. It is clear
that most dislocations are not aligned along the basal plane
trace. Fig. 5b shows the activation of a large amount of
prismatic c and pyramidal c + a dislocations that were
not initially present in the extruded specimens. These dislo-
cations cross-slip from the non-basal to the basal planes
throughout the entire region of the examined Mg grain.
Relatively fewer basal a dislocations are visible in Fig. 5c.
A few strands of dislocations are found to extend out of
the basal plane trace. This indicates that cross-slip has
occurred from the basal plane to the non-basal planes.
These cross-slipping dislocations are of the screw type,
and have an a Burgers vector [18].
4. Discussion
4.1. Grain size
Grain size measurements show that there is a slight
decrease in average grain size as larger amounts (P1
vol.%) of reinforcements are added. As the sizes of the rein-
forcing particles are less than 1 lm, reduced grain size dueto particle-stimulated dynamic recrystallization during
extrusion is unlikely [19]. The grain reﬁnement which
results when a larger amount of Y2O3 reinforcement is
added is due to higher incidences of grain boundary pin-
ning, which prevents grain growth during hot extrusion.
The smallest grain size (ds) resulting from pinning by a cer-
tain volume fraction (Vp) of nanosized particles with diam-
eter (dp) can be represented by the Zener formula [20],




As can be seen from Eq. (1), the smallest grain size possible
in the matrix of a composite is determined by the reinforc-
ing particle size and volume fraction. Nanosized particles
are particularly favourable for grain boundary pinning,
and hence can result in smaller grain sizes in the nanocom-
posites. In this study, as only up to 2 vol.% of reinforcing
particles are added, the reduction in grain size is not
signiﬁcant.
4.2. Tensile behaviour and dislocation structures evolution
The yield strength increases with the addition of up to
2 vol.% of nanosized Y2O3. Several possible factors can
contribute to this: (i) load-bearing eﬀects due to the pres-
ence of nanosized reinforcements; (ii) generation of geo-
Fig. 5. Dislocation structures in Mg–0.5Y2O3 nanocomposite after tensile
deformation. The diﬀraction vector is indicated by an arrow and the basal
plane trace by the white line.
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mismatch between the matrix and the particles; (iii) Oro-
wan strengthening; and (iv) the Hall–Petch eﬀect due to
grain size reﬁnement. The improvement in the yield
strength due to these four factors can be coupled together
using the quadrature method. This method is chosen
because (1) it has previously been used by quite a few
researchers [21–23], and (2) the calculated yield strength
value was similar to another method given by Ramakrish-
nan [24], which originated from the modiﬁed shear lag
model. The summing method has also been used [25], but
it generally gives a higher yield strength than the two
above-mentioned methods, and in some cases may overpre-
dict the yield strengths of the composites. The improve-







where the load-bearing eﬀect, DrLoad is related to the rule
of mixture eﬀect, and the basic equation is represented by
the relationship between the eﬀective composite strength
(rcomp) and the reference matrix strength (rm):rcomp ¼ V prp þ V mrm: ð3Þ
The factor Vprp, which is represented by D rLoad, is further
expanded using the shear lag model for ﬁbres (this model
was later modiﬁed to predict the strengthening eﬀect of
particles in a matrix). The stress borne by the particle
through shear transfer of load at the particle/matrix inter-
face is represented by [26,27]:
rp ¼ sis; ð4Þ
where si is the shear stress at the particle matrix interface
and s is the aspect ratio, taken to be 1 for a particle.
Assuming a well-bonded particle, si can be suﬃciently
accurately represented by 0.5rmo, where rmo is the yield
strength of the matrix (rmo is used instead of the yield
strength of composite because it is assumed that the com-
posite yields when the matrix reaches its yield strength).
Therefore, rp = 0.5rmo [24,28].
Substituting (4) into (3),
rcomp ¼ 0:5rmoV p þ V mrm:
Therefore, the increase in strength due to the presence of
particles is given by [24]:
DrLoad ¼ 0:5 V prmo: ð5Þ
The improvement in yield strength, DrCTE, due to the gen-
eration of geometrically necessary dislocations to accom-
modate the CTE mismatch between the particle and










Eq. (6) was initially derived using the Taylor dislocation
strengthening equation. The Taylor equation is used to pre-
dict the increase in ﬂow stress due to the inﬂuence of dislo-
cations, and in this case the ﬂow stress in the matrix is
improved due to the presence of geometrically necessary
dislocations. The strengthening coeﬃcient, b, is calculated
to be 1.25. The detailed derivation for the increase in geo-
metrically necessary dislocations, qCTE, can be obtained




















DrHall–Petch ¼ kyd1=2m ; ð9Þ
where Vp and dp are the volume fraction and diameter of
Y2O3 particles, respectively; dm is the grain size of Mg;
rmo is the yield strength of the unreinforced pure Mg; Da
is the diﬀerence in coeﬃcients of thermal expansion be-
tween Mg and Y2O3; and DT is the diﬀerence between
the processing and the test temperatures. b and ky are
Fig. 6. Dislocations trapped at clusters of Y2O3 nanoparticles.
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gers vector of pure Mg.
The improvement in the yield strength due to the load-
bearing eﬀects is relatively small compared to other factors,
as only a maximum of 2 vol.% of Y2O3 particles is used.
Likewise, as the decrease in grain size is not signiﬁcant,
the contribution of the Hall–Petch eﬀect to the yield
strength improvement is also negligible. Dislocation gener-
ation due to CTE mismatch between the nanosized parti-
cles and Mg matrix plays an important role in improving
the yield strength of the nanocomposites. The main con-
tributing factors come from the large CTE diﬀerence
between the ceramic Y2O3 particles and the Mg matrix,
and the small size of the reinforcing particles. Orowan
strengthening, or direct strengthening, is frequently used
to explain strengthening in composites containing ﬁne dis-
persions [28,30]. Orowan strengthening plays a relatively
large role in improving the yield strength of the nanocom-
posites due to the size of the nanoparticles.
Fig. 3 shows that only basal dislocations with Burgers
vector a are activated in Mg–0.5Y2O3 nanocomposite dur-
ing extrusion. Observation of numerous grains shows that
minimal c + a dislocations are visible (Fig. 3a) and no c
dislocations are activated (Fig. 3b). This indicates that
few non-basal slip systems need to be activated to accom-
modate the plastic deformation during extrusion. As the
grain size in the Mg–Y2O3 nanocomposites is quite large,
twinning serves as an additional deformation mechanism
to basal dislocation slip in order to satisfy the von Mises
criterion. Non-basal dislocations are observed to originate
from the twin boundary. According to Serra et al. [31],
the dynamic interaction of dislocations with twin inter-
faces will assist slip on secondary systems. In this case,
the presence of twins helps in the activation of non-basal
slip which is absent, or minimal, in other grains without
twins. Dislocations are also found to get trapped by clus-
ters of Y2O3 nanoparticles as shown in Fig. 6. This will
impede dislocation movement, and subsequently increase
the tensile strength of the nanocomposites during tensile
tests.
During the tensile tests, non-basal pyramidal and pris-
matic slips are the main slip modes activated to accommo-
date the plastic deformation. Cross-slipping of basal and
non-basal dislocations is also found to be actively occur-
ring. Non-basal slip systems are activated in Mg at room
temperature after extrusion because the tensile axis of the
Mg nanocomposite specimens is aligned parallel to the
basal planes in the Mg grains. This alignment results in
no resolved shear stress on the basal slip plane, and the
specimens will fracture without prior elongation. There-
fore, non-basal slip is activated to accommodate the plastic
deformation that takes place during tensile test. The critical
resolved shear stress (CRSS) for basal slip is very low in
pure Mg, thus a slight misalignment of the basal plane
can lead to the operation of this slip mode [32]. As not
all the basal planes are aligned exactly parallel to the tensile
axis, a small amount of basal slip can still take place, whichaccounts for the much lower activity of basal compared to
non-basal slip. Activation of both non-basal and basal slip
systems allows the von Mises yield criterion of at least ﬁve
independent slip systems to be satisﬁed. As the activity of
the basal slip system is not high, the ductility of the Mg
nanocomposites is still lower than 10%.
5. Conclusions
(1) The disintegrated melt deposition technique coupled
with hot extrusion can be used to synthesize Mg–
Y2O3 nanocomposites with good physical and tensile
properties.
(2) The tensile tests revealed an improvement in the yield
and tensile strength of the Mg–Y2O3 nanocompos-
ites, while the ductility remain relatively unchanged
with additions of up to 2 vol.% of Y2O3 nanopar-
ticles.
(3) Four strengthening mechanisms, namely load-bear-
ing eﬀects, generation of geometrically necessary dis-
locations to accommodate CTE mismatch between
the matrix and the particles, Orowan strengthening,
and the Hall–Petch eﬀect are responsible for the yield
strength improvement in Mg–Y2O3 nanocomposites.
(4) Basal slip and twinning are the main deformation
modes during extrusion. During tensile deformation
at room temperature, non-basal slips are activated
due to the alignment of basal planes along tensile axis.
(5) The von Mises yield criterion of at least ﬁve indepen-
dent slip systems has been satisﬁed in the Mg–Y2O3
nanocomposites. Due to the low activity of the basal
slip system, the ductility of the composites is still
lower than 10%.
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Abstract 
Constant stress amplitude cyclic tests were conducted on monolithic Mg and Mg 
reinforced with 0.5, 1 and 2 volume percentages of nano-size Y2O3. The cyclic 
life of the monolithic Mg and its nanocomposites were found to be comparable at 
the three stress amplitudes tested. Hardening behaviour is observed throughout 
the whole fatigue life of all the specimens tested. Forest dislocations observed in 
Mg and Mg nanocomposites are responsible for the cyclic hardening. Addition of 
nanoparticles provides additional strengthening sources that cause the Mg-Y2O3 
nanocomposites to harden more intensely that monolithic Mg. 
 
Keywords: Fatigue; Magnesium; Y2O3; Dislocation Structure, Metal Matrix 
Composite (MMC) 
1. Introduction 
Fatigue of magnesium alloys has been studied under stress and strain controlled 
conditions in ambient and high temperature environments [1-4]. Effects of grain 
refinement [5], and the addition of different amounts of alloying elements [6] on 
the fatigue behaviour of Mg alloys have also been reported. These studies 
provide an estimation of the Mg alloys life under different test conditions. 
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Although investigations have been carried out on the cyclic deformation 
behaviours of Mg alloys, little is known about the fatigue behaviour of Mg 
composites, especially particulate reinforced Mg composites. Research on Mg 
composites has focused mainly on micron-size SiCp as the reinforcement. 
Srivatsan et al. [7] found that the presence of hard SiCp leads to the initiation of 
fine microcracks at low applied stresses. Vaidya and Lewandowski [8] observed 
that the addition of smaller sized SiCp (15 μm) can improve the fatigue 
performance of AZ91D, as compared to monolithic AZ91D and AZ91D 
reinforced with larger sized SiCp (52 μm). These studies on fatigue behaviours of 
Mg alloys and their composites were concentrated mainly on the stress and strain 
responses. Kwadjo and Brown [9] looked into the mechanisms behind the cyclic 
hardening of Mg in single crystals oriented for (0001) ]0121[  slip and concluded 
that dislocation wall structures and basal loops with stacking fault were 
responsible for the hardening in Mg single crystals. Limited research has so far 
been conducted on the strengthening mechanisms behind the cyclic deformation 
behaviour in bulk Mg samples or Mg composites in terms of dislocation 
structures evolution.  
For the present study, monolithic pure Mg and Mg reinforced with three 
different volume fractions of nano-size Y2O3 were investigated for their cyclic 
deformation behaviour. The specimens were fatigued at three constant stress 
amplitudes. The dislocation structures evolution were investigated using the 
transmission electron microscopy. The fatigue behaviour of Mg-Y2O3 
nanocomposites is examined in terms of their cyclic plastic strain response, and 
the dislocation structures evolution at the different stress amplitudes. A 
comparison is made between the cyclic deformation behaviours of monolithic 
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pure Mg and Mg-Y2O3 nanocomposites to determine the effect of the 
nanoparticles. 
2. Experimental Procedures 
2.1 Materials and Processing 
Mg reinforced with 0.5, 1 and 2 vol.% of nano-size Y2O3 particles (32-36 nm) 
were fabricated using the disintegrated melt deposition (DMD) technique [10]. 
The 40 mm ingots obtained using the DMD process were machined down to 36 
mm and then hot extruded at 350 oC using an extrusion ratio of 20.25:1. The 
distribution of the nanoparticles in Mg matrix has been studied and published in 
[11]. The tensile properties of the Mg-Y2O3 nanocomposites obtained using the 
ASTM test method E8M-01 are shown in Table 1 (6-8 specimens of each 
composition were used in the tensile test). 
 










Mg (99.9% Purity) 126 ± 7 192 ± 5 8.0 ± 1.6 
Mg-0.5Y2O3 141 ± 7 223 ± 5 8.5 ± 1.6 
Mg-1.0Y2O3 151 ± 5 222 ± 4 6.8 ± 0.5 
Mg-2.0Y2O3 162 ± 10 227 ± 11 7.0 ± 0.5 
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Fig 1. Schematic representation of fatigue specimens (All dimensions in mm and 
specimen not drawn to scale). 
 
2.2 Fatigue Tests 
Fully reversed tension-compression stress amplitude controlled fatigue tests were 
conducted in accordance with the ASTM test method E466-96 at room 
temperature. As shown in Fig. 1, fatigue test specimens with 6 mm diameter and 
30 mm gauge length were used. To minimize surface irregularities, the fatigue 
specimens were prepared by grinding the gauge section with progressively finer 
grades of emery paper, and then polishing using diamond slurry to obtain a 
smooth specimen surface that is free of circumferential scratches. The direction 
of material removal is approximately parallel to the long axis of the specimen. 
The cyclic tests were conducted on an INSTRON 8516 servohydraulic machine 
using a test frequency of 1 Hz and a stress ratio of -1. The monolithic Mg and 
Mg-Y2O3 nanocomposites specimens were tested at constant stress amplitudes of 
35, 50 and 70 MPa. The plastic strain amplitudes versus number of cycles plots 
are used to determine the cyclic deformation behaviour of monolithic Mg and 
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logarithmic intervals from the hysteresis loop as shown in Fig. 2.The number of 
cycles that resulted in complete failure or separation was taken as the fatigue life 
(Nf). 
 















Plastic Strain Amplitude (εp) 











Fig 2. Determination of plastic and total strain amplitudes using the hysteresis 
loop (Elastic strain amplitude = total strain amplitude –plastic strain amplitude). 
 
2.3 Failure Analysis and Dislocation Structures Evolution 
Fatigue-fracture surfaces of the test specimens were examined in the Jeol JSM-
5600LV scanning electron microscope (SEM) to determine the failure mode. 
Transmission electron microscopy (TEM) analysis using Jeol 2010F was 
employed to study the dislocation structures in the monolithic Mg and Mg-Y2O3 
nanocomposite specimens. To distinguish the basal dislocations from the non-
basal ones, TEM samples were tilted in such a way that the incident beam was 
aligned parallel to either the [ ]0112  or the [ ]0101  direction. In this condition, the 
basal planes are parallel to the incident beam. Dislocations aligned along the 
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basal plane trace will be in the basal slip system, while those that are out-of-
plane will be the non-basal dislocations. The direction of the basal planes will be 
represented by the basal plane trace in the micrographs. Based on the g.b 
invisibility criterion, dislocations having the c burgers vector are out of contrast 




3.1 Fatigue Tests 
The results for plastic strain amplitude (Δεp/2) versus number of cycles (N) plots 
for monolithic Mg and Mg-Y2O3 nanocomposites tested at stress amplitudes of 
35, 50 and 70 MPa are shown in Fig. 3. It is observed that the cycles to failure 
for the Mg-Y2O3 nanocomposites at the three stress amplitudes tested are 
comparable to that for the monolithic Mg. All the specimens were found to have 
cyclic hardened in the cycling process. The cyclic hardening rate increases and 
the hardening behaviour becomes more apparent when a higher stress amplitudes 
is applied. The intensity of hardening, which is defined as the reduction in plastic 
strain amplitude within a fixed number of cycles, is higher for the 
nanocomposites. The intensity of hardening also increases with the volume 
fraction of reinforcements added. Saturation strains are attained for monolithic 
Mg and Mg-Y2O3 nanocomposites fatigued at 35 MPa and 50 MPa. This is not 
the case for specimens cycled at 70 MPa. This is because the induced plastic 
strain due to the high applied stress caused the catastrophic failure of the 
material. 
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3.2 Failure Analysis 
The representative fatigue-fracture surfaces of Mg-2.0Y2O3 cycled at a stress 
amplitude of 50 MPa are presented in Fig. 4. Similar fracture morphologies are 
exhibited by monolithic Mg and nanocomposites with lower volume fraction of 
reinforcements. The fatigue-fracture surface showed distinct initiation, 
propagation and catastrophic rupture region (Fig. 4a). The propagation region is 
characterized by cleavage steps that have resulted from transgranular fracture 
(Fig. 4b). In the catastrophic rupture stage, microvoids giving a fibrous texture to 
the fracture surface can be discerned (Fig. 4c). There is no obvious change in the 
proportion of the propagation and catastrophic rupture regions with increased 
applied stress. 
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Fig 3. Plastic strain amplitude (Δεp/2) versus number of cycles plots for 
monolithic Mg and Mg-Y2O3 nanocomposites tested at constant stress amplitudes 






Advanced Lightweight Metal Based Composite 8
























Fig. 4. Representative fatigue-fracture surfaces of Mg-2.0Y2O3 cycled at a 
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4. Discussion 
For constant stress amplitude fatigue tests where low cyclic stresses are applied, 
metal matrix composites have been reported to exhibit superior fatigue resistance 
compared to the monolithic metal. However, under fully reversed loading 
conditions (R=-1), where stable stress-strain loops are formed, this is no longer 
true. Continuum theory suggests that the proportional limit of composites is 
lower than the monolithic material. The matrix of composites will begin to flow 
locally near the reinforcing particles, while the rest of the composite is strained 
elastically. This localized plastic deformation in the matrix near the particles is 
due to the significant difference in the elastic modulus of the reinforcement and 
the matrix. The result is the prevalence of a triaxial stress state and steep stress 
gradients in the matrix around the reinforcements [12]. At low applied stresses 
and under fully reversed loading conditions, the average plastic strain in the 
composite is expected to be greater than that experienced by the monolithic 
material [13]. Consequently, the composite may not exhibit superior cyclic life 
relative to the unreinforced metal. This phenomenon provides an explanation for 
the comparable fatigue lives of the Mg-Y2O3 nanocomposites and the monolithic 
Mg. At higher cyclic stresses, the fatigue lives for the Mg-Y2O3 composites and 
the monolithic counterparts showed little differences. The low fatigue life in 
composites at high applied stress is attributable to the reduced ductility caused by 
the presence of ceramic reinforcement. Table 1 shows that there is no statistically 
significant difference in the tensile ductilities of monolithic Mg and Mg-Y2O3 
nanocomposites. This explains why the Mg-Y2O3 nanocomposites are able to 
sustain a similar amount of accumulated plastic strain, and hence the number of 
cycles as monolithic Mg before failure. 
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 Monolithic Mg and Mg-Y2O3 nanocomposites harden upon cycling. In 
monolithic Mg, the hardening behaviour is a result of interaction between the 
dislocations. Fig. 5a shows the dislocation structures in monolithic Mg fatigued 
at a stress amplitude of 35 MPa. Forest dislocations can be clearly observed in 
quite a few grains of pure Mg. These forest dislocations are separated by 
relatively dislocation-free regions. Interspersed in these regions are dislocation 
loops and dipoles (Fig. 5b). When the glissile dislocations move under an applied 
cyclic stress, a large number of them become entangled into forests of 
dislocations, resulting in relatively dislocation-free areas in the grains. These 
forest dislocations, together with the sessile loops and dipoles, act as obstacles to 
gliding dislocations and result in cyclic hardening in the pure Mg matrix. The 
intensity of hardening is found to be more prominent in the Mg-Y2O3 
nanocomposites than in monolithic Mg. During cyclic deformation, the 
reinforcement is elastically loaded due to the higher elastic modulus, while the 
rest of the matrix flows plastically. This load bearing effect by the particles 
causes the composite material to reach a strength that is higher than the 
unreinforced matrix. The result is an increase in work hardening of the Mg-Y2O3 
nanocomposites as compared to the monolithic Mg. The higher density of 
dislocations generated at the particle/matrix interface and the interaction between 
particles and dislocations forming forest dislocations (the dislocations generated 
or initiated by the cyclic stress are not able to move freely) will also contribute to 
the increased hardening of the nanocomposites relative to monolithic Mg. The 
nanoparticles dispersed in the matrix can pin the moving dislocations and/or 
Orowan bowing is necessary for the dislocation to bypass the nanoparticles. 
These mechanisms provide additional strengthening sources which cause the 
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nanocomposites to cyclic harden more intensely. As the strengthening due to the 
presence of the nanoparticles increases with the volume fraction of reinforcement 
added, the intensity of hardening will also be more noticeable when 2 volume 
percentage of Y2O3 nanoparticles are added. The results obtained by Llorca et al. 
[14] have also emphasized that the presence of reinforcements results in 




















Advanced Lightweight Metal Based Composite 12
































Fig 5. Dislocation structures in monolithic pure Mg fatigued at a stress amplitude 
of 35 MPa. 
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 The work hardening rate and the intensity of hardening increase with the 
stress amplitude. At a low applied stress, the dislocations multiply at a slower 
rate. The stress supplied to the dislocations is insufficient to overcome the 
obstructing nanoparticles, and to initiate movement of the pinned dislocations. 
This results in less dislocation interactions and slower rate of work hardening. 
With a higher applied stress, the level of dislocations interaction rises. 
Observation of several grains shows that clustering of dislocations is more 
obvious in Mg-Y2O3 nanocomposite that is fatigued at 70 MPa (Fig. 6a) than at 
35 MPa (Fig. 6b). These entangled masses of dislocations are observed on the 
basal planes (0001) of the Mg-0.5Y2O3 nanocomposite. The greater interaction of 
dislocations at higher stress amplitude is responsible for the increased cyclic 
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Fig 6. Clusters of dislocations found in Mg-Y2O3 nanocomposite that is fatigued 
at (a) 70 MPa and (b) 35 MPa. 
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At the applied stress amplitude of 70 MPa, only basal dislocations are 
activated in monolithic Mg and Mg-Y2O3 nanocomposites (Fig. 7). The 
dislocations at the [ 0112 ] zone axis of monolithic Mg (Fig. 7a) and Mg-Y2O3 
nanocomposite (Fig. 7c) were found to be parallel to the basal plane trace. There 
is no out-of-plane dislocations that indicate the presence of c (prismatic) or c+a 
(pyramidal) dislocations. Cross-slipping of screw dislocations with a burgers 
vector were not observed [15]. Figs. 7b and 7d further substantiate this 
observation. At g=0002, all the basal dislocations with burgers vector 
b= >< 0211
3
1  will disappear in accordance with the invisibility criterion, and only 
c and c+a non-basal dislocations can be observed. It can be seen from Fig. 7c 
and Fig. 7d that there is an absence of any form of dislocation when g=0002. 
This indicates that only the basal dislocations are responsible for the maximum 
plastic strain that is induced in monolithic Mg and Mg-Y2O3 nanocomposites 
during cyclic tests. As only basal dislocations are present, with the absence of 
cross-slipping, stable dislocation structures such as persistent slip bands and 
ladder structures, which are responsible for localization of plastic strain and 
softening [16] are not able to form. Therefore, hardening behaviour is observed 
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Fig 7. Dislocation structures in monolithic Mg (a, b) and Mg-Y2O3 
nanocomposites (c, d) fatigued at 70 MPa. Micrographs 7a and 7c are taken at 
the [ 0112 ] zone axis, while 7b and 7d are taken at g=0002. The black line 
represents the basal plane trace. 
 
Unlike fatigue tests where only basal slip was observed, both basal and 
non-basal dislocations were found to be active in the tensile tests (Fig. 8) [11]. At 
g=0002, non-basal dislocations can be clearly seen in monolithic Mg and Mg-
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Y2O3 nanocomposites, basal dislocations with burgers vector a are invisible. 
Cross-slipping of the non-basal dislocations is also found to be quite rampant 
(indicated by the arrows). Non-basal slip systems are activated in Mg at room 
temperature tensile testing as a consequence of the tensile axis of the Mg 
specimens being aligned parallel to the basal planes in the Mg grains after 
extrusion. With this alignment, there is no resolved shear stress on the basal slip 
plane. Hence, it is mainly non-basal slip systems that are responsible for the 
plastic deformation that takes place during tensile test. As not all the basal planes 
are aligned exactly parallel to the tensile axis, a small amount of basal slip can 
still take place. During cyclic deformation, only basal dislocations are 
responsible for the induced plastic strain because the applied cyclic stress 
amplitudes are well below the yield strengths (Table 1) of the monolithic Mg and 
Mg-Y2O3 nanocomposites. 
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Fig 8. Dislocation structures in (a) monolithic Mg and (b) Mg-Y2O3 
nanocomposite specimens after tensile deformation. The white line represents the 
basal plane trace. 
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5. Conclusions 
(1) The results for the plastic strain amplitude (Δεp/2) versus number of cycles 
(N) plots show that the cycles to failure for the Mg-Y2O3 nanocomposites are 
comparable to that of the monolithic Mg at the three stress amplitudes tested. 
(2) Monolithic Mg and Mg-Y2O3 nanocomposites are found to harden upon 
cycling. The intensity of hardening is higher in the Mg-Y2O3 
nanocomposites. Formation of forest dislocations is identified as one of the 
main hardening sources. 
(3) The cyclic hardening rate increases and the hardening behaviour becomes 
more obvious with increasing applied stress amplitudes. The greater 
interaction of dislocations at higher stress amplitudes is responsible for the 
increased cyclic hardening that is observed.  
(4) In monolithic Mg and Mg-Y2O3 nanocomposites, only basal a dislocations 
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Based on the objectives of this present study, the following conclusions can be 
drawn: 
Mg-CNT Nanocomposites 
1. Mg-CNT nanocomposites have been synthesized successfully using both the 
liquid and powder metallurgy techniques. 
2. An increase in weight fraction of CNTs results in an improvement in yield 
and tensile strength and ductility of Mg until a threshold amount of 
reinforcement incorporated is reached. 
3. Ductility improvement in Mg-CNT nanocomposites is a result of the high 
activity of the basal slip system and the initiation of prismatic <a> slip. 
4. The fatigue life of Mg-1.3CNT nanocomposites is inferior to that of 
monolithic Mg due to the presence of CNT clusters on the surface of the 
fatigue specimen. 
5. Due to the ability of CNTs to initiate non-basal slip, non-basal dislocations 
are present in Mg-1.3CNT nanocomposite during fatigue. 
Mg-MgO Nanocomposites 
1. Mg-MgO nanocomposites were successfully fabricated using the liquid 
metallurgy route.  
2. The nanosize MgO particles are found to impart greater strengthening in Mg 
as compared to micron-size reinforcements due to the higher amount of 
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Conclusions 
Mg-Y2O3 Nanocomposites 
1. Mg-Y2O3 nanocomposites were successfully fabricated using the liquid 
metallurgy route.  
2. TEM analysis shows that basal and non-basal slips were activated in 
monolithic Mg and Mg nanocomposites at room temperature during tensile 
deformation due to the alignment of basal planes along the tensile axis after 
extrusion. 
3. Mg-Y2O3 nanocomposites were found to harden upon cycling. Based on 
constant stress amplitude fatigue tests, Mg-Y2O3 nanocomposites exhibit 
comparable fatigue life to monolithic Mg. 
4. In Mg-Y2O3 nanocomposites, basal <a> dislocations are sufficient to 
accommodate the resultant plastic strain in the materials up to a fatigue stress 
amplitude of 70 MPa.  
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Future Works 
Recommendations for Future Work 
 
Some recommendations for futures works are given as follows: 
1. High temperature creep resistance of the Mg nanocomposites. 
Mg has poor creep resistance above the temperature of 125oC, rendering it 
inadequate for use in engine and power train components. Nanosized SiCp has 
been found to impart good creep resistance to Mg due to grain boundary pinning 
at high temperatures. Further studies can be conducted on Mg-CNT, Mg-MgO 
and Mg-Y2O3 nanocomposites to determine their creep behaviour at elevated 
temperatures. 
2. In-situ TEM observation on the deformation behaviour of Mg 
nanocomposites. 
In this study, TEM analysis was carried out after the deformation processes. 
Additional insight on the slip behaviour of Mg and its nanocomposites can be 
obtained by conducting in-situ TEM analysis to observe how the dislocations 
move under stress. 
3. Effect of length scale of reinforcements on the strengthening and 
deformation mechanisms of Mg composites. 
The reinforcement size can be varied to determine the particle size effect on the 
strengthening and deformation mechanisms. An optimum particle size can be 
determined that gives maximum strengthening based on Orowan or CTE 
strengthening model. The influence of particle size on the slip mechanisms could 
also be looked into. 
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